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Preface

In the summer of 1988, my developmental biology professor announced to the class
that hematopoietic stem cells (HSCs) had finally been purified. Somehow, I never
forgot the professor’s words. When I started working in Dr. Irv Weissman’s labora-
tory at Stanford as a postdoctoral fellow, I realized that the findings mentioned by
the professor were from Weissman’s laboratory and had been published in a 1988
edition of the journal Science. It has been over 20 years since the publication of that
seminal paper, and since then tremendous advances in understanding the biology
and maturation of HSCs, namely the process of hematopoiesis, which includes
lymphocyte development, have been made. These discoveries were made possible
in part by advancements in technology. For example, recent availability of user
friendly fluorescence activated cell sorting (FACS) machines and monoclonal anti-
bodies with a variety of fluorescent labels has allowed more scientists to sort and
analyze rare populations in the bone marrow, such as HSCs.

All classes of hematopoietic cells are derived from HSCs. Stem cell biology
draws enormous attention not only from scientists, but also from ordinary people
because of the tremendous potential for development of new therapeutic application
to diseases that currently lack any type of effective therapy. Thus, this type of
“regenerative medicine” is a relatively new and attractive field in both basic science
and clinical medicine. The potential of regenerative medicine has been proven with
bone marrow transplantation, which is a common therapy used to treat patients with
leukemia or congenital immunodeficiency. Discovery and identification of somatic
stem cells, such as neuronal stem cells and liver stem cells, has lead to the idea that
somatic stem cells may also be used in regenerative medicine. However, for clinical
application, the barrier we must overcome is the source of the somatic stem cells
used. Embryonic stem (ES) cells, which can be maintained and expanded in cul-
ture, can give rise to all types of cells in the body. However, since human embryos
are necessary for the establishment of human ES cells, it is ethically challenging to
obtain human ES cells. Since HLA matching is a critical factor for success in organ
transplantation, enormous numbers of ES cells need to be established if ES cells are
to be used for therapies. Therefore, it may not be realistic to use ES cells for clinical
application. An alternative approach is to establish pluripotent stem cells with the
nuclear transfer technique. Although nuclear transfer can be used to establish custom-
made stem cells, it is again not realistic to use this technique for clinical application
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because nuclear transfer is a very difficult technique. In this sense, identification of
inducible pluripotent stem (iPS) cells from mature cells by introduction of a set of
transcription factors (approximately four genes) is striking. Establishment of iPS
cells is accomplished by transfection of the set of genes into mature cells using
methods already common to most laboratories. Although there are various issues
that have to be overcome, we have finally reached the starting point where we can
begin to apply stem cells to clinical settings.

Hematopoiesis research is the leading field in stem cell biology because experi-
mental systems have already been established and HSCs can be purified relatively
easily by FACS sorting. However, a lot of issues remain to be resolved. For example,
how self-renewal potential is maintained in HSCs is still not understood. To under-
stand this issue, we need to examine HSCs themselves as well as the bone marrow
microenvironment, namely the HSC niche. In Chapter 1, Drs. Ema, Kobayashi, and
Nakauchi provide an overview of the regulation of self-renewal and asymmetric cell
division of HSCs. In Chapter 2, Drs. Iwasaki and Suda review recent advances in
understanding the HSC niche. Drs. Tan, Kim, Wagers, and Mayack provide more
insight by comparing HSCs to other somatic stem cells in Chapter 3.

Investigation of hematopoiesis and lymphopoiesis is a very important subject in
hematology and immunology. Since HSCs localize at different organs during the
development of animals, it is necessary to characterize HSCs from animals of dif-
ferent ages. Drs. Ezine, Gautreau, Parcelier, and Canque review characteristics of
HSCs in animals at different maturational stages in Chapter 4. The role of transcrip-
tion factors in hematopoiesis from HSCs is reviewed by Drs. Moriguchi, Suzuki,
Engel, and Yamamoto in Chapter 5. Drs. Ikuta and Tani-ichi provide an overview
of the role of cytokines in lymphopoiesis from HSCs by focusing on IL-7 function
in yOT cell development in Chapter 6. Among hematopoietic cells, dendritic cells
are unique because they are derived from either lymphoid or myeloid progenitors.
The nature of dendritic cells is precisely described in Chapter 7 by Drs. Merad and
Manz. Finally, recent advances in the understanding of leukemia stem cells are
reviewed by Drs. Dao and Jamieson in Chapter 8.

These authors are experts and frontrunners in their fields. I sincerely appreciate
each author’s time and contribution to each chapter.

Motonari Kondo, M.D., Ph.D.
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Principles of Hematopoietic Stem Cell Biology

Hideo Ema, Toshihiro Kobayashi, and Hiromitsu Nakauchi

Abstract Hematopoietic stem cells (HSCs) are able clonally and persistently to
produce all blood cells while maintaining the HSC pool size, permitting sustained
hematopoiesis throughout life. HSCs have served as an excellent model in stem cell
biology, and HSC transplantation has served as a prototype for stem cell therapy
in regenerative medicine. The research field of stem cell biology and regenerative
medicine has been conceptually and practically established through the study
of HSCs. After many years of work, we have finally begun to understand self-
renewal and multilineage differentiation in HSCs at the molecular level. This
chapter briefly introduces how particular molecules play roles in HSC function
and regulation. The principles of HSC biology, however, are the focus of this
review, which provides an overview of basic concepts in stem cell biology with
reference to some historic work.

Introduction

Hematopoiesis is the tightly regulated process of blood cell formation. Short-lived
mature blood cells are replenished on a daily basis by hematopoietic stem cells
(HSCs) through large numbers of HSC progeny such as multipotent progenitors
and lineage-committed progenitors. HSCs are the first-identified and the best-charac-
terized stem cells, providing a first model for the stem cell system applicable to
many other stem cells. Figure 1 shows the hematopoietic system, which is orga-
nized hierarchically with a series of cell populations arranged in rank from stem

H. Ema (D<), T. Kobayashi, and H. Nakauchi

Division of Stem Cell Therapy, Center for Stem Cell and Regenerative Medicine, Institute of
Medical Science, University of Tokyo, 4-6-1 Shirokanedai, Minato-ku, Tokyo, 108-8639, Japan
e-mail: hema@ims.u-tokyo.ac.jp

M. Kondo (ed.), Hematopoietic Stem Cell Biology, Stem Cell Biology 1
and Regenerative Medicine, DOI 10.1007/978-1-60327-347-3_1,
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Fig. 1 The hematopoietic system. The hematopoietic hierarchy is illustrated. In concept, one stem
cell asymmetrically gives rise to a stem cell to maintain its line and to a daughter cell destined for
multilineage differentiation. Multipotent progenitor cells rather rapidly undergo symmetric self-
renewal a limited number of times, leading to their amplification in a short interval. The entire
hematopoietic system is established and maintained by a hematopoietic stem cell (HSC)

cells to mature blood cells. Most importantly, one stem cell is sufficient for
establishment of the entire system.

Many basic concepts in stem cell biology have been created based on the study
of HSCs. An asymmetric division model, a stochastic model (Till et al. 1964), a
clonal succession model (Kay 1965), and a stem cell niche model (Schofield 1978)
are good examples of such work. Some of these important concepts are revisited in
this review. Although much progress has recently been made in this field, our
understanding of the molecular mechanisms underlying the regulation of HSCs has
just begun. This review presents the current understanding of the regulation of
HSCs at the molecular level and highlights molecules controlling self-renewal.
How do individual HSCs make a decision to self-renew or not self-renew in each
division? How many times, and through what pathways, can they repeat this event?
This review discusses why these two questions are still the main theme in the study
of self-renewal.



Principles of Hematopoietic Stem Cell Biology 3

The Definition and Entity of HSCs

Definition of Stem Cells

Stem cells are defined as cells with both self-renewal and differentiation
potentials. This definition was initially framed by J. E. Till and E. A.
McCulloch, based on their discovery and characterization of colony-forming
units in the spleen (CFU-S) (Till et al. 1964; Till and McCulloch 1961). When
mouse bone marrow or spleen cells are injected into lethally irradiated mice,
visible colonies develop in the spleen of the recipient mice during a relatively
narrow window of time after transplantation (e.g., 8—12 days). These colonies
consist mainly of myeloid cells such as neutrophils, macrophages, erythro-
blasts, and megakaryocytes. The clonal nature of CFU-S was proven using
chromosomal markers (Abramson et al. 1977). The sizes and cell composi-
tions of colonies change with time after transplantation, indicating that
CFU-S are heterogeneous. It is now known that CFU-S belong to a certain
class of progenitors distinct from HSCs. The multipotent progenitor popula-
tion is highly enriched in day 12 CFU-S (Yang et al. 2005), and the erythroid/
megakaryocytic progenitor population is highly enriched in day 8 CFU-S
(Pronk et al. 2007). Nonetheless, most of the concepts established, based on
detailed analyses of CFU-S, have been proven to apply to stem cells, an
instance of how concepts or models can remain important throughout the his-
tory of research in a particular field.

To self-renew is a process of producing one or two daughter cells identical to
their parental cell via cell division. More precisely, it copies the entire genome,
including epigenetic modifications. In practice, an act of self-renewal is a cell
division that produces one or two daughter cells functionally equivalent to the
parental cell. Both self-renewal potential and the full range of differentiation
potentials (“multipotency”) are maintained throughout self-renewing division.
Differentiation is the process by which cells become more specialized, functional
cells. Stem cells least likely differentiate without cell division. In this regard, to
differentiate is a process of epigenetic change via cell division. In practice, an act
of differentiation is a cell division that produces one or two daughter cells in
which self-renewal potential or some part of multipotency is lost.

HSCs give rise to daughter cells that progressively restrict their differentiation
potentials during their differentiation. Lineage commitment is the event that allows
cells to differentiate further along one or more particular lineage, but not along
other lineages. It can occur in cells at all differentiation stages, from HSC daughter
cells to bipotent progenitor cells. In general, cells cannot cancel lineage commit-
ment or reverse differentiation sequences. It is hoped that these events—self-
renewal, differentiation, and commitment—will be more clearly and simply defined
in molecular terms in the near future.
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The Functional Heterogeneity of HSCs

The HSC population is composed of heterogeneous stem cells. HSCs are able
both to differentiate into all possible blood lineages and to self-renew. Since
this is basically a qualitative definition, if there is any difference among
HSCs, this difference must be quantitative. It seems more difficult to quanti-
tate differentiation potential than to quantitate self-renewal potential. The
amount of repopulating activity in HSCs has been expressed in terms of the
repopulating unit (RU) (Harrison et al. 1993). One RU is defined as the
amount of repopulating activity per 10° bone marrow cells. The number of
RUs in a certain number of test donor cells is calculated based on data from
analysis of the peripheral blood of recipient mice in competitive repopulation
(see the section “In vivo Assays” and Fig. 2 for details). The formula for RU
calculation is: RU = ([% chimerism of test donor-derived cells]x[No. of com-
petitor cells])/([% chimerism of competitor-derived cells] x 10°). When RUs
for individual HSCs were measured by single-cell competitive repopulation,
variation in RU per HSC was detected among adult mouse HSCs. Since a
positive correlation between RU and the number of secondary HSCs (the
number of HSCs generated in a primary recipient mouse, as estimated by
secondary transplantation) was found on analysis of single HSCs and their
individually cloned descendants (e.g., on a clonal basis), it was suggested that
HSCs are a heterogeneous population in regard to self-renewal potential (Ema
et al. 2005). Retroviral tracking analysis (Jordan and Lemischka 1990) and
single-cell transplantation (Dykstra et al. 2007) have demonstrated that, after
transplantation, the in vivo kinetics of individual HSCs differ. How levels of
self-renewal potential relate to particular patterns of in vivo kinetics is uncer-
tain. Nonetheless, these data show that mouse HSCs are functionally hetero-
geneous. Similar heterogeneity has also been suggested for human HSCs
(Guenechea et al. 2001).

When HSCs or pre-HSCs emerge in a developing embryo, they must consti-
tute a small and homogeneous population. As these cells divide, the level of
self-renewal potential might progressively fall. As a result, HSCs can become
diverse in self-renewal capacity. In the generation-age hypothesis (Rosendaal
et al. 1979), the previous division history of each stem cell is one determinant of
the functional organization of the HSC population. Stem cells that have gener-
ated many stem cells (old stem cells) are hypothesized to form blood before stem
cells that have generated few stem cells (new stem cells). After a given number
of generations, two progenitor cells arise during division, and a stem cell thereby
is lost. While we are not sure that order exists in the use of HSCs, we find this
hypothesis attractive (Ema and Nakauchi 2003). In the strict sense, HSCs may
not be able to regenerate HSCs that are exactly the same as themselves.
Elucidation of the molecular mechanisms underlying self-renewal potential will
address this issue.
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In vivo and In vitro Assays for HSCs

In vivo Assays

Patients with hematological disorders such as leukemia and lymphoma have been
successfully treated with bone marrow or cord blood transplantation. Conditioning
regimens such as chemotherapy and total body irradiation are used to eliminate
dysfunctional or malignant hematopoietic cells and to suppress the immune system
before transplantation. When bone marrow cells are intravenously injected into
myeloablated patients, the entire hematopoietic systems of the recipients are gradu-
ally but durably reconstituted with donor bone marrow cells if immunological reac-
tion and infection are under control. Long-term reconstitution is solely due to
engrafted HSCs. Experimental bone marrow transplantation in animal models is
basically similar to therapeutic bone marrow transplantation in humans (Fig. 2).

In vivo, long-term, multilineage reconstitution is the gold standard for detection of
HSCs. In a mouse model, test donor cells are retrospectively inferred to have con-
tained one or more HSCs when their transplantation into lethally irradiated mice
results in long-term multilineage reconstitution. Competitive repopulation is a modi-
fied version of transplantation that ensures the survival of lethally irradiated recipient
mice and permits the quantitative evaluation of repopulation levels. Competitor cells,
which are usually normal bone marrow cells, are cotransplanted in most instances
(Fig. 2). In experimental transplantation, test donor cells and competitor cells are
distinguished by certain genetic markers. The markers CD45.1 (Ly5.1) and CD45.2
(Ly5.2) are commonly used. CD45.1 C57BL/6 mice are congenic to CD45.2 C57BL/6
mice. CD45 is the leukocyte common antigen expressed on all leukocytes and their
progenitor cells, including adult HSCs, but not on red blood cells, platelets, and
their committed progenitors. A minimum criterion is that myeloid, B-lymphoid,
and T-lymphoid populations need to be demonstrably reconstituted with test donor—
derived cells for 3—4 months to show that test donor cells contained HSCs. When
these three lineages are demonstrably reconstituted, erythroid and megakaryocytic
lineages will almost certainly have been reconstituted with progeny of the same test
donor cells. However, a better system, one that permits simultaneous analysis of leu-
kocytes of all lineages, red blood cells, and platelets, should be used when it is avail-
able. Among these three lineages, the myeloid lineage is more important than the
lymphoid lineages. In rare instances, the myeloid lineage is demonstrably reconsti-
tuted 4 months after transplantation, but the lymphoid lineages are not. Lymphoid
lineage reconstitution might become detectable later on in such cases.

When multilineage reconstitution takes place 4 months after transplantation, this
is conceivably due to self-renewal and differentiation potentials in HSCs. To con-
firm self-renewal potential, however, secondary transplantation needs to be per-
formed. When long-term multilineage reconstitution takes place again in secondary
recipient mice, this is certainly due to self-renewal and differentiation potentials in
HSCs. We have recently realized that some HSCs show little reconstitution activity
4 months after primary transplantation, but show significant reconstitution activity
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after secondary transplantation. To detect all HSC activities, serial transplantation
is mandatory. In the strict sense, the criteria of HSCs may have to depend on data
from serial transplantation.

We hold that only transplantation of HSCs enables long-term reconstitution of
granulocytes, and that unbalanced reconstitution between myeloid and lymphoid
lineages, rarely observed, may be associated with HSC aging (Sudo et al. 2000).
Because lymphocytes have a long lifespan compared with granulocytes and other
myeloid lineage cells, when lymphoid lineages are reconstituted 4 months after
transplantation but the myeloid lineage is not, it most likely indicates that test donor
cells included lymphoid progenitors, but not HSCs.

Needless to say, we are unable to assay human HSCs experimentally in patients.
Nonobese diabetes/severe combined immunodeficiency (NOD/SCID) or NOD/
SCID mice crossed with common gamma receptor knockout (NOG/SCID) mice are
currently used as a surrogate xenotransplantation assay (Larochelle et al. 1996).
This assay is useful to detect human multilineage repopulating cells, but most
recipient mice hardly survive beyond a year. We are not certain that such observation
periods are long enough to detect self-renewal and multilineage differentiation
potential in human HSCs. Primates can be used as an alternative animal model. For
instance, monkey HSCs, instead of human HSCs, can be studied. But, who will be
able to monitor those animals for up to 50 years of life after bone marrow trans-
plantation to identify monkey HSCs? The only practical way to identify human
HSC:s is to find human cells equivalent to mouse HSCs in every possible respect.
For instance, HSCs might be identified by expression of a combination of func-
tional molecules, such as p57¥2 the c-Kit and c-Mpl receptors, and the ABC
transporter G2.

In vitro Assays

In vitro colony assays (Fig. 3) have already become classic, and they remain one of
the most important assays in the study of hematopoiesis. This assay was invented
in the 1960s by two research groups, one in Israel (Pluznik and Sachs 1965) and
the other in Australia (Bradley and Metcalf 1966). Hematopoietic progenitor cells
can grow in semisolid media such as agar and methylcellulose, finally forming
colonies just like bacteria. Unlike bacteria, hematopoietic progenitor cells need to
be supplemented with growth factors to proliferate in culture. Also unlike bacteria,
a variety of cell types are derived from a single cell. This assay thus can be called
a clonal differentiation assay. Don Metcalf, one of the pioneers in use of this assay,
describes colonies as three-dimensional populations of cells of wonderfully vari-
able shapes and sizes that look like galaxies as approached by a fast-moving space-
ship (Metcalf 2000). Their beauty has continued to fascinate him for over 40 years!
The significance of this assay system has been appreciated, for the most part, after
discovery of a number of colony-stimulating factors. These factors, interleukins
among them, are collectively called cytokines. To date at least 20 hematopoietic
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Fig. 3 In vitro colony assays. Cells from hematopoietic tissues are plated in semisolid medium
with a combination of cytokines, such as stem cell factor (SCF), thrombopoietin (TPO), interleukin-3
(IL-3), and erythropoietin (EPO) at minimum. One progenitor gives rise to a colony composed of
a variety of cell types in 7-14 days

cytokines are known. Had colonies grown in vitro been unattractive to Metcalf and
others, this assay might not have been used by so many researchers for so long.
When 10,000 mouse bone marrow cells are plated in methylcellulose culture
containing a combination of cytokines minimally required for colony formation,
such as stem cell factor (SCF), thrombopoietin (TPO), interleukin-3 (IL-3), and
erythropoietin (EPO), a hundred or more colonies are formed. Most colonies are
derived from progenitors but not from HSCs; HSCs are barely present in this num-
ber of bone marrow cells. Whether HSCs could form in vitro colonies was not
known until 2004 (Takano et al. 2004). Using this assay with highly purified cells,
testing can show which cytokines directly act on HSCs. Unfortunately, purification
levels have not reached 100%. Researchers continue to try to increase the degree of
HSC purification, as discussed below. SCF, TPO, IL-3, IL-6, IL-11, and others are
the cytokines that affect HSCs. These cytokines were earlier recognized as early
acting cytokines, using blast-colony assays in which blast colonies were formed by
bone marrow or spleen cells from mice treated with the cytotoxic drug 5-fluorou-
racil. HSCs are barely present in these blast colonies. But most of what was found
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in blast-colony assays has also been found to apply to HSCs. A series of blast-
colony studies systematically performed by Makio Ogawa (Ogawa 1993) has been
found to be of great value by many HSC researchers.

In vitro colony assays are useful for analysis of HSCs and progenitor cells.
Myeloid differentiation potential can be examined at the clonal level for newly
isolated populations. Using knockout mice, stages at which differentiation block
occurs can be analyzed. If early hematopoietic differentiation is blocked in knock-
out mice, it becomes impossible to detect HSC activity properly. The primary
importance in HSC studies is to determine, using in vitro colony assays, whether
myeloid differentiation potential in HSCs is normal or not; but many published
studies neglect this simple test.

Whether human HSCs can form colonies in vitro is not clear. CD34* cells from
human bone marrow and cord blood contain a subset of HSCs (Kato et al. 2001).
These cells unlikely express CD38. Most CD34*CD38 cells do not form colonies
in methylcellulose culture, even in the presence of a combination of many cytok-
ines. In humans, as in mice, CD34~ cells are considered more immature than CD34*
cells (Bhatia et al. 1998). CD34" cells do not form colonies at all. This is possibly
because culture conditions are not optimal for human HSCs. Human HSCs may be
able to form a colony only in contact with stromal cells.

The Purification of Mouse HSCs

High Degrees of Mouse HSC Purification by Flow Cytometry

The frequency of HSCs among bone marrow cells in adult C57BL/6 mice has been
estimated to be on the order of 1 in 10*~10° cells. To study HSCs, we must prospec-
tively isolate them from other bone marrow cells. Visser et al. were the first to attempt
to enrich HSCs by flow cytometry (Visser et al. 1984). This approach was further
refined by Spangrude et al., who succeeded in higher purification of adult mouse
HSCs (Spangrude et al. 1988). The Thy-1"%, Sca-1*, and lineage marker-negative
fraction was most enriched in adult bone marrow HSCs at that time. Because the
Thy-1 marker is only applicable to Thy-1 congenic mice (C57BL/Ka-Thy-1.1), it has
been replaced by c-Kit receptor in many laboratories. Single-cell transplantation was
very difficult with this Thy-1"%, Sca-1*, and Lin~ population (Smith et al. 1991).
Introduction of anti-CD34 antibody significantly increased the level of HSC enrich-
ment. Unexpectedly, HSCs (Osawa et al., 1996), were found in the CD34lw/negaive
fraction of bone marrow cells. This has defined cells with the CD347°%, ¢-Kit*, Sca-1*,
Lin~ (CD34°KSL) phenotype as highly enriched in HSCs (Osawa et al., 1996), thus
enabling single HSC transplantation and clonal characterization (Ema et al., 2006).
On average, 25% of recipient mice show long-term multilineage reconstitution
after transplantation of single CD34°KSL cells from 8- to 10-week-old C57BL/6
mice (Ema et al. 2005). Recently Slam-family receptors have been used for HSC
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purification. CD150*, CD48~, CD41" cells are also highly enriched in mouse HSCs
(Kiel et al. 2005; Kim et al. 2006). Most of these cells express c-Kit and Sca-1, but
not lineage markers. On the other hand, most CD34 KSL cells express CD150.
CD34°KSL cells and CD150"CD48CD41- cells mostly overlap, but the precise
relationship of these two phenotypes remains to be determined. The side population
(SP) phenotype detected by flow cytometry analysis of cells stained with the
supravital dye Hoechst 33342 has also been useful for HSC purification (Goodell
et al. 1996). However, it should be kept in mind that not all HSCs show the SP
phenotype at any one time (Morita et al. 2006), although most HSCs express the
adenosine triphosphate-binding cassette transporter Bcrpl whose function is
responsible for the SP phenotype (Zhou et al. 2002).

In our experience, data vary significantly among individual single-cell transplantation
experiments. This might result from a number of reasons, but is perhaps due to varia-
tions among individual donor mice, the number of HSCs included in competitor cells,
and conditions of competitor cells and recipient mice. To control these conditions
appears difficult. Nevertheless, the criteria for long-term multilineage repopulating cells
must be unified. The source and number of competitor cells, with the definition of long-
term and multilineage reconstitution, are the most important conditions. From both
logical and practical points of view, we propose that 8- to 12-week-old male or female
C57BL/6 mice be used as HSC donors and recipients, that 2x 10° normal and unma-
nipulated bone marrow cells be used as competitor cells, that long term be defined as at
least 4 months, and that 1% or more peripheral blood chimerism with detectable test
donor cell-derived myeloid, B-lymphoid, and T-lymphoid cells be defined as multilin-
eage reconstitution. This percentage is obtained by ([% test donor cells] x 100)/(% test
donor-derived cells + % competitor-derived cells). In some laboratories, 0.1-0.3% chi-
merism is adopted as defining multilineage reconstitution, which is useful for certain
purposes. We, however, believe that if one wishes to compare purification levels
between different protocols, the above criteria should be agreed on and shared.

Toward the Ultimate Purification of HSCs

If only 25% of cells in recipient mice show long-term multilineage engraftment after
transplantation of single CD34°KSL cells, what are the remaining 75% of cells?
Every step from the purification and transplantation processes through the in vivo
repopulating process must be carefully reviewed, taking into account cell damage by
laser or high-pressure sorting, technical error upon injection of a cell mixture, seeding
(or homing) failure, and self-renewal failure by chance. Some find it difficult to
believe that every CD34°KSL cell successfully homes to a bone marrow niche and
starts self-renewing division. Most CD34 KSL cells exhibit myelopoietic activity on
in vitro assay. Their in vitro proliferation capacity varies greatly. Multipotent progeni-
tor cells with variably limited self-renewal potentials may be similar to HSCs in
respect to their surface markers. These two types of cells, HSCs and multipotent
progenitor cells, are rather artificially separated based on the outcome of transplanta-
tion assays, but they could be cells along a continuous gradient.
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Nevertheless, we have attempted to detect repopulating cells among CD34-KSL
cells by increasing the sensitivity of competitive repopulation. When compromised
bone marrow cells were used as competitor cells, 54% and 26% of mice transplanted
with single CD34°KSL cells showed, respectively, long-term and short-term recon-
stitution. If technical error is<10%, approximately 90% of cells in this particular
experiment proved to be repopulating cells. We still do not know what the remaining
10% of cells were. Nonetheless, HSC seeding efficiency should be very high. Such
experiments must be repeated and extended.

We have recently realized that not many antibodies that recognize cell surface
markers can be used to separate the CD34 KSL cell population further into positive
and negative subpopulations. Some markers, such as integrin, can further separate
cells in this population but do not always lead to further enrichment of HSCs. So
far our screening of antibodies that can distinguish subclasses of CD34 KSL cells
has not identified any whose use significantly increases the engraftment rate.
Although most cells in the SP tip reportedly have stem cell activity (Matsuzaki
et al. 2004), this finding has been difficult to reproduce. Is it possible that CD34~
KSL cells cannot be further functionally separated by surface markers? We shall
persevere in this approach to selection of HSCs with high self-renewal activity.

The Fate of HSCs

Fate Determination Units

Francois Jacob said that “The dream of every cell is to become two cells.” That is
also the dream of HSCs. The task of HSCs is to divide as many times as they can,
but most HSCs are asleep, or hibernating, at any given time. HSCs may dream of
becoming daughter cells while they are sleeping. Historically, the concept of the G,
phase in the cell cycle emerged from the study of HSCs (Lajtha 1979). HSCs in the
G, phase, presumably residing in their niches, seem to maintain their pool size and,
in effect, be protected from a variety of pressures, such as proliferative stress and
oxidative stress, under physiological and pathological conditions.

Knockout mouse studies have convincingly shown that the lack of a negative
regulator in the cell cycle leads to the reduction of the stem cell pool. The Forkhead
O (FoxO) subfamily of transcription factors is present in the nucleus of hibernating
HSCs (Yamazaki et al. 2006). By activation of the PI3K/Akt signal transduction
pathway, FoxO proteins are phosphorylated and exported from the nucleus to the
cytoplasm. As a result, HSCs enter the cell cycle. FoxO1, FoxO3, and FoxO4-triple
knockout HSCs are defective in long-term reconstitution (Tothova et al. 2007).
These results suggest that a return to the G, phase after cycling is necessary for
HSC:s to reconstitute successfully and durably the hematopoietic system of lethally
irradiated mice. We do not yet know how the G, to G, phase transition or its reverse
is controlled in HSCs. FoxO proteins might play a role in the HSC G /G, transition
or the maintenance of HSC hibernation. Cyclin C in combination with Cdk3 has
been reported to stimulate pRb phosphorylation, which occurs when cells exit from
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the G, phase (Ren and Rollins 2004). It would be interesting to know whether the
cyclin C/Ddk3 complex plays a similar role in HSCs.

It is generally accepted that most HSCs in the adult mouse bone marrow enter
the cell cycle at least once per month. By calculation, over 10,000 HSCs exist in
the bone marrow of an adult mouse. It is important to know how individual cell
cycle status is orchestrated among such a large number of HSCs. To imagine that
this is controlled only by the local niches is difficult.

Figure 4 sets out possible explanations of many aspects of HSC behavior. Once
HSCs enter the cell cycle, fate choices exist. Till et al. provisionally called HSC fate
either “birth” or “death” (Till et al. 1964). Certainly, HSCs have a choice of dying
by apoptosis. But Till et al. called differentiation “death” since many cells die at the
end of terminal differentiation. They assumed that HSC fate is controlled by varying
birth and death probabilities. Their concept is still vivid. Our hypothesis is that HSCs
undergo either self-renewal or differentiation at each cell division. If this is the case,
one cell cycle could be the minimum unit for fate determination in HSCs.

Three Types of Cell Division

Figure 5 illustrates three manners of stem cell division. When two daughter cells
are stem cells, this division is termed symmetric self-renewal. When one daughter
cell is a stem cell and the other is a progenitor cell, this division is termed asymmetric

HSC
Hibernating Cycling
/ - Self-renewal
‘ ’ - Differentiation
\ - Apoptosis

Niche

The minimum unit
for fate determination

Fig. 4 Fate determination in hematopoietic stem cells (HSCs). Under physiological conditions,
most HSCs are likely hibernating in particular niches. HSCs regularly enter the cell cycle by
unknown mechanisms. HSCs take one of three choices—self-renewal, differentiation, or apopto-
sis—via cell division
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Fig. 5 Manners of stem cell division. Three types of cell division in hematopoietic stem cells are
shown

self-renewal. When both daughter cells are progenitor cells, this division is termed
symmetric differentiation. HSCs are detectable only by in vivo functional assays.
Their surface markers have been characterized extensively, but no specific marker
associated with HSC function has yet been identified. Thus we cannot be absolutely
sure which cells in situ, as in the bone marrow, are HSCs. At this moment, it is
impossible to study each HSC division in vivo. We therefore have attempted to
recapitulate the three types of HSC division in culture.

Micromanipulation techniques for so-called paired daughter cells (Suda et al.
1984) have been adapted to single-cell transplantation (Fig. 6). After single HSCs
divide once, each daughter cell is separated from the other and is transplanted into
a lethally irradiated mouse, together with rescue cells. Recipient mice are analyzed
12 weeks or more after transplantation to evaluate whether transplanted single
daughter cells were HSCs. We have so far observed only asymmetric self-renewal,
but not symmetric self-renewal, in HSCs from wild-type mice when division was
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Fig. 6 Paired daughter cell experiments. Single-cell cultures are performed in a 96-well microti-
ter plate. Single hematopoietic stem cells (HSCs) divide once in the presence of cytokines (e.g.,
SCF + TPO). Following division, each daughter cell is separated by micromanipulation and is
individually injected into a lethally irradiated mouse together with competitor cells. Long-term
multilineage repopulation by individual daughter cells is evaluated 3—4 months or more after
transplantation

induced in serum-free medium by a combination of minimal cytokines such as SCF
and TPO (Ema et al. 2000; Seita et al. 2007). This is why ex vivo expansion and
maintenance of HSCs have not been easily achieved. However, we could observe
symmetric self-renewal divisions in Lnk-deficient HSC. Lnk seems negatively to
control the probability of self-renewal downstream of TPO/c-Mpl signaling in
HSCs (Seita et al. 2007). Because of this, Lnk-deficient HSCs have a higher chance
of self-renewal divisions even in vitro.

Whether the fate of HSCs is determined after only one division has not yet been
formally tested. Whether daughter cells of HSCs are stem cells can be known only
retrospectively. This raises the possibility that their fate is actually determined
after subsequent divisions. We are not sure that this alternative mode is useful for
further study because the latter model is more complicated than the former. For
example, the outcome of a first asymmetric self-renewal division might be the
outcome of the combination of a first division, resulting in symmetric self-renewal
division with, in one daughter cell, a second division, resulting in asymmetric or
symmetric self-renewal, and, in the other daughter cell, a second division, resulting
in symmetric differentiation.

We are not entirely sure that the data from paired daughter cell experiments
faithfully reflect in vivo events, but the experimental system should serve in
searches for molecular mechanisms underlying fate determination in HSCs.



Principles of Hematopoietic Stem Cell Biology 15

Molecular Basis for Self-Renewal

How can we address self-renewal at the molecular level? Two aspects of self-renewal
should be kept in mind. First, self-renewal is a type of cell division, and whether to
self-renew is chosen by HSCs under the influence of various extrinsic factors.
Second, although the self-renewal capacity of HSCs is extensive, it is not infinite.
Cytokine networks and niche elements play crucial roles in induction and inhibition
of HSC division. Subsequent intracellular signal transduction and transcriptional
activation play major roles in HSC fate determination.

We have begun to identify the molecules that regulate the self-renewal division
of HSCs. Basic cell cycle machinery has to function all the time for all dividing
hematopoietic cells. The genome must be protected from DNA damage or muta-
tion. DNA repair (Nijnik et al. 2007) and maintenance of sufficient telomere length
(Allsopp et al. 2003a) are necessary to support a number of self-renewal divisions
in HSCs (Rossi et al. 2007). These protective mechanisms should be held in common
with most cells, but abnormalities in these mechanisms are more readily detected
in HSCs than in HSC progeny. The argument that slowly dividing cells with a long
lifespan have increased chances to suffer genomic DNA damage and telomere
shortening than do rapidly dividing cells with a short lifespan makes no sense. If
HSCs have a problem in their genome, their progeny have the same problem.
Hematopoiesis is more severely disturbed by defects in HSCs than by defects in
progenitor cells. Hibernation should be a necessary behavior in HSCs. There is no
evidence that mechanisms controlling hibernation in HSCs differ from those in
memory B- and T-cells. At the moment, pS7¥"2, which may function in HSCs but
not in lymphocytes, is the only possible exception (Yamazaki et al. 2006). All
molecular mechanisms regulating or supporting self-renewal in HSCs are closely
related to one another, but in studies they must be individually addressed. Otherwise,
we may not be able to understand which mechanism is specific to HSCs.

Extrinsic Control of HSCs

In the adult bone marrow, HSCs seem to lie in contact with osteoblasts and vascular
endothelial cells. Accordingly, osteoblastic niches (Calvi et al. 2003; Zhang et al.
2003) and vascular niches (Kiel et al. 2005) have been proposed to regulate HSCs.
The niche has two hypothesized roles. One role is to induce or support self-renewal
in HSCs. The other is to induce and maintain hibernation in HSCs. It is not easy to
imagine that both events are controlled by the same niche. This could be explained
by an interesting assumption, which is that the osteoblastic niche controls hibernat-
ing HSCs and the vascular niche controls cycling HSCs (Arai et al. 2005). So far
no published data support this distinction.

To control HSCs in number, the niche might provide specific molecules required
for HSCs to self-renew. Reya et al. reported that Wnt3a is one such candidate
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molecule (Reya et al. 2003; Willert et al. 2003). A constitutively active form of
B-catenin reportedly enhances self-renewal in HSCs and the canonical Wnt/(3-
catenin pathway reportedly is activated in self-renewing HSCs (Reya et al. 2003).
Unfortunately, none of these claims has been supported by subsequent studies. We
have not observed Wnt3a to act as a mitogen for HSCs in the presence of SCF nor
seen that Wnt3a can promote self-renewal in HSCs (Ema, unpublished data, 2007).
Two groups reported instead that conditional expression of a constitutively active
form of B-catenin in HSCs blocks differentiation in HSCs, leading to loss of their
repopulating activity (Kirstetter et al. 2006; Scheller et al. 2006). Other studies
using a conditional knockout strategy showed that reconstitution activity in
B-catenin™ HSCs is unaffected (Cobas et al. 2004). Concern that y-catenin might
compensate for absence of its closely related homologue, B-catenin, in the canonical
pathway was allayed when two independent groups convincingly showed that
y-catenin and B-catenin double knockout mice have HSCs with normal repopulating
activity (Jeannet et al. 2008; Koch et al. 2008). Later, Reya et al. claimed again that
repopulating activity in B-catenin”- HSCs is reduced (Zhao et al. 2007), leaving
observers confused. Whether any Wnt protein is provided to HSCs in vivo after
transplantation remains uncertain. If there is no Wnt signal, it must be difficult to
see any difference between wild-type and B-catenin”~ HSCs after transplantation.
We believe that other potential self-renewal factors must be sought rather than to
expect too much from the positive effect of one or two particular members of the
Wnt family on self-renewal in HSCs (Trowbridge et al. 2006).

Nevertheless, HSCs must be susceptible to external mitogenic stimuli. Cytokines
should play a major role in HSC division. The other role of the niche is to keep
HSCs in hibernation, as discussed above. Several lines of evidence clearly show
that the G, phase in HSC:s is necessary for maintenance of the HSC pool. This is
rather easily understood if we believe that continuously cycling HSCs are soon
exhausted because their number of cell divisions is limited. The question again is
how their hibernation is controlled. Some cytokines negatively regulate HSCs, for
instance TGFP1 (Yamazaki et al. 2008) and angiopoietin 1 (Arai et al. 2004). But
there is little evidence that these play a role in vivo. Members of the TGFf3 super-
family signal through a complex consisting of type I and type II serine/threonine
kinase receptors. Upon ligand binding, type II receptors recruit and transphospho-
rylate type I receptors, and then activate Smad transcription factors. The TGFf
signal is processed through Smad2 and Smad3; the BMP signal is processed
through Smad 1, Smad5, and SmadS8. Receptor-activated Smads of both pathways
form heterooligomers with the common mediator Smad4. Studies of conditional
Smad4 knockout mice showed that maintenance of the HSC pool depends on acti-
vation of Smad4 (Karlsson et al. 2007). Redundancy among negative regulators
should exist. However, it can be reasonably assumed that at least certain members
of the TGFp superfamily are involved in the regulation of HSC hibernation.

With respect to asymmetric division, the niche may play a role in cellular
polarization in HSCs under conditions of self-renewal or hibernation. The study of
germline stem cells (GSCs) in the fruit fly, Drosophila melanogaster, has provided
great insights into interactions between stem cells and their niches. In the ovary,
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two or three GSCs reside in a niche comprising cap cells and other cells. When a
GSC gives rise to two daughter cells, one daughter cell stays as a stem cell in the
niche, given decapentaplegic (Dpp, a homolog of human bone morphogenetic
proteins 2 and 4) signaling. The other daughter cell moves out of the niche and
begins a program of differentiation (Xie and Spradling 2000). In the testis, GSCs
are maintained in a niche composed of hub cells. GSCs in the testis also undergo
asymmetric division. One daughter cell remains in the niche as a stem cell, and the
other, displaced from the niche, begins to differentiate (Yamashita et al. 2003).
Activation of Jak-Stat and E-cadherin/Armadillo (B-catenin) signaling is reportedly
required for self-renewal (Yamashita et al. 2003; Tulina and Matunis 2001). In the
central nervous system of Drosophila, a neuroblast asymmetrically divides into a
neuroblast and a ganglion mother cell (GMC) (Wodarz and Huttner 2003; Roegiers
and Jan 2004). A GMC in turn gives rise to a neuron and a glial cell. The orientation
of the mitotic spindle is perpendicular to the plane of the overlying neuroepithe-
lium. Cell fate determinants are known to be segregated exclusively to one daughter
cell or another. For example, Numb, Prospero, Partner of Numb, and Miranda are
localized to the basal pole of parental neuroblasts during mitosis and are segregated
into GMC:s. In contrast, Bazooka, Par-6, and PKC as a complex are localized to the
apical pole of parental neuroblasts and are segregated into neuroblasts. Numb acts
as an inhibitor in Notch signaling, but it is unclear how Numb and other proteins
regulate the fate of neuroblasts.

In all these stem and progenitor cells, polarization of cells upon mitosis seems
critical for asymmetrical fate specification, with fate determined in a fixed manner.
The number of cell divisions that differentiated daughter cells can undertake is
limited. Unlike these stem cells, polarity has not been recognized in HSC division.
Even if polarity exists, it might arise in the absence of the niche. The probabilities
of asymmetrical self-renewal in HSCs may change under certain conditions, and
daughter cells of HSCs can undergo numerous divisions. It is possible that the regu-
latory mechanisms of asymmetrical division in HSCs fundamentally differ from
those in other stem cells. To address this issue, we need to identify HSC-specific
niches and the niche-associated molecules that regulate HSCs.

Intrinsic Control of HSCs

Changes in intracellular signal transduction and transcriptional activity remarkably
affect the outcome of division in HSCs. In the context of self-renewal, outcomes
would be modulation of self-renewal probability and modulation of numbers of
divisions remaining to HSCs. No particular self-renewal signal transduction path-
way has been identified. Self-renewal may instead result from activation and inac-
tivation of multiple signal transduction pathways.

Lnk is an adaptor protein that negatively regulates multiple signal transduction path-
ways. HSCs are increased in number and self-renewal potential in Lnk”~ mice (Ema
et al. 2005). This has turned out to be due to hypersensitivity to TPO, with increased
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probability of symmetric self-renewal in response to TPO or to TPO and SCF (Seita
et al. 2007). How Lnk negatively regulates self-renewal events and self-renewal poten-
tial in HSC:s is extremely interesting, but mostly remains to be clarified.

Pten is a phosphatase that negatively regulates phosphatidylinositol-3-OH
kinase (PI3K)-Akt signaling. Conditional knockout studies showed that Pten™-
HSCs are continuously driven into cell cycle, resulting in poor maintenance of the
HSC pool after transplantation into lethally irradiated mice (Yilmaz et al. 2006).
The mammalian target of rapamycin (mTOR) is activated downstream of the PI3K-Akt
pathway in Pten”- HSCs. Interestingly, the drug rapamycin inhibits mTOR activity,
leading to restoration of the HSC pool in mice transplanted with Pten”~ HSCs.
A consequence of Pten knockout apart from HSC impairment is that T-lymphoblastic
leukemia develops from a progenitor compartment in Pten™" mice, accompanied by
additional chromosomal translocation (Guo et al. 2008).

Constitutive activation of Jak2/Stat5 signal transduction at HSC level leads to
myeloproliferative diseases. Point mutations that result in a valine to phenylalanine
substitution at amino acid 617 of JAK?2 kinase (JAK-V617F) are frequently found
in patients with polycythemia vera, essential thrombocytopenia, and idiopathic
myelofibrosis (Baxter et al. 2005; James et al. 2005; Kralovics et al. 2005). These
diseases have recently been created in mouse models (Tiedt et al. 2008).
Interestingly, differences in JAK-V617F mutant dosage seem to lead to different
disease phenotypes. Expression of constitutively active forms of Stat5 in mouse
HSCs results in aggressive myeloproliferative diseases (Schwaller et al. 2000; Kato
et al. 2005). These studies together suggest that Jak2/Stat5 signaling is involved in
the control of HSC self-renewal.

Transcription factors that play important roles in self-renewal must meet at
least two conditions. First, they must be expressed in HSCs. Second, when they
are deleted, self-renewal activity in HSCs must be reduced or lost. Runx1 (Okuda
et al. 1996), Scl (Tall) (Porcher et al. 1996; Robb et al. 1996), and Gata2 (Tsai
et al. 1994) are considered essential for the development of HSCs because mouse
embryos deficient for one of these transcription factors die due to lack of defini-
tive hematopoiesis. Definitive hematopoiesis in the fetal liver is initiated mainly
by progenitor cells derived from the yolk sac rather than from HSCs, so that mice
lacking one of the above-named factors do not die for want of HSCs. HSCs are
responsible for definitive hematopoiesis in later life, but HSCs do not have to
contribute to hematopoiesis in murine embryos or fetuses. For instance, after
HSCs emerge in E12.5 fetal liver, it takes 1 week or more for them to differentiate
into mature neutrophils. Most of their mature progeny are used after birth. Mice
deficient in Runxl, Scl, or Gata2 die mostly due to anemia and/or bleeding
(impaired definitive hematopoiesis) (Okuda et al. 1996; Porcher et al. 1996; Robb
et al. 1996; Tsai et al. 1994), but there is little evidence that generation of HSCs
is impaired in such mice. Interestingly, the function of adult HSCs is not signifi-
cantly impaired by conditional deletion of Runx1 (Ichikawa et al. 2004) or Scl
(Mikkola et al. 2003; Hall et al. 2003). The number of HSCs is even increased
in Runx17 adult mice (Ichikawa et al. 2008). So far there is no evidence that
certain molecules essential for generation of HSCs are also required for self-renewal
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in HSCs. In analysis of mice deficient in a certain molecule, if fetal liver hematopoi-
esis occurs with more or less normal hematopoietic differentiation, if transplanta-
tion of fetal liver cells deficient for that molecule and adult bone marrow harboring
a conditional deletion of that molecule into lethally irradiated mice results in
long-term reconstitution failure, and if no homing or migration defect in HSCs
exists, that molecule would be a good candidate for close association with self-
renewal in HSCs.

The Hox family consists of an evolutionally highly conserved group of genes that
encode DNA-biding transcriptional factors. Overexpression of Hox family genes in
HSCs leads to enhancement of self-renewal potential. HoxB4 overexpression in par-
ticular can induce self-renewal in vitro (Sauvageau et al. 1995) as well as in vivo
(Antonchuk et al. 2002) without leukemic transformation. When Nucleoporin 98
(NUP98)-HoxB4 or -HoxA10 fusion protein is overexpressed in HSCs, HSC self-
renewal is privileged (Ohta et al. 2007). Overexpression of HoxB3, HoxB6, HoxB8§,
HoxA9, or HoxA10 affected HSCs similarly, but resulted in impaired differentiation
along various lineages (Argiropoulos and Humphries 2007). Leukemia developed,
with a long latency in some cases. The frequency of leukemia was increased by over-
expression of NUP98-HoxA9 fusion protein. NUP98-Hox fusion proteins seem to
collaborate with Meisl to accelerate the onset of leukemia (Argiropoulos and
Humphries 2007). Why Hox members other than HoxB4 cause leukemic transforma-
tion is a curious point. HoxB4 is not essential for HSC development and maintenance
(Brun et al. 2004). HoxA9 plays a crucial role in the maintenance of self-renewal in
HSCs (Lawrence et al. 2005; Magnusson et al. 2007a). A conditional transgenic
mouse for HOXA10 has been reported (Magnusson et al. 2007b). Interestingly, a
moderate but not high level of HOXA10 expression enhanced self-renewal in HSCs
and its expression at high levels blocked differentiation along erythroid/megakaryo-
cytic lines. A dose effect of each Hox gene is suggested to be important for the prob-
ability of self-renewal in HSCs (McKinney-Freeman et al. 2008).

Gfil is a transcriptional repressor expressed in HSCs. Repopulating activity is
severely reduced in Gfil7~- HSCs (Zeng et al. 2004; Hock et al. 2004). The propor-
tion of cycling HSCs is increased in Gfil™~ mice. It is possible that Gfil nega-
tively regulates the G /G, transition in HSCs. Moz is a zinc finger protein with
histone acetyltransferase (HAT) activity. Transplantation of Moz™ fetal liver cells
resulted in poor long-term repopulation (Thomas et al. 2006; Katsumoto et al.
2006). Evil is a transcription factor of the SET/PR domain family. Transplantation
of Evil™ fetal liver cells resulted in poor long-term repopulation (Goyama et al.
2008). The zinc finger protein Zfx has been reported to be a shared transcriptional
regulator essential for self-renewal in both embryonic stem cells (ESCs) and
HSCs. Since ESCs differ much more from HSCs in functions and gene expression
profiles than previously thought, Zfx might have a unique role among many other
transcription factors.

More examples of signal molecules and transcription factors related to self-renewal
in HSCs certainly exist. The important question is what their final common target
molecules are. We need to know what directly controls self-renewal events in HSCs
and what determines the number of divisions that HSCs are allowed to undergo.
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Basic Machineries Supporting Self-Renewal

The Polycomb group (PcG) proteins have been a focus of attention in stem cell
biology (Lessard and Sauvageau 2003; Park et al. 2003; Iwama et al. 2004; Ohta
et al. 2002; Molofsky et al. 2003). PcG and trithorax group (trxG) genes are highly
conserved throughout evolution. PcG and trxG proteins, respectively, control tran-
scriptionally repressed and activated states of multiple gene loci, including Hox
loci (Orlando 2003). It has been shown that repopulating activity in fetal liver
HSC:s is significantly reduced in mice deficient for a member of the PcG proteins,
whether Bmil, Mphl (Rae28), or Mel18 (Lessard and Sauvageau 2003; Park et al.
2003; Iwama et al. 2004; Ohta et al. 2002). RinglB seems to play a somewhat
different role in adult HSCs, as shown by analysis of Ring1B conditional knockout
mice (Cales et al. 2008). These studies indicate that PcG proteins play crucial roles
in the maintenance of self-renewal capacity in HSCs. Interestingly, all these mol-
ecules are part of a multiprotein complex, called Polycomb repressive complex
(PRC)-1. On the other hand, PRC2, containing Eed, Ezhl, Ezh2, and YY1, is
essential for early embryonic development (Ohta et al. 2002). Overexpression of
Ezh2 in HSCs has been shown to enhance HSC repopulating activity (Kamminga
et al. 2000).

Bmil was the first molecule to draw our attention to epigenetic control in HSCs.
Bmil was initially identified as an oncogene by retroviral insertional mutagenesis
in Ep-myc transgenic mice (van Lohuizen et al. 1991; Haupt et al. 1991). Analysis
of Bmil knockout mice has shown that null mutant mice are smaller than wild-type
mice, displaying progressive hypoplasia of bone marrow, thymus, and spleen, with
cerebellar atrophy and skeletal deformity (van der Lugt et al. 1994). The Ink4a
locus, which encodes both p16™“ and p19*T under the control of individual
promoters, has been identified as a downstream target of Bmil (Jacobs et al. 1999).
In the absence of Bmil, the expression of p16™ and p19*7 reportedly is upregu-
lated in mouse embryonic fibroblasts. As a result, progression of these fibroblasts
into the S phase of the cell cycle is impaired, mimicking premature senescence.
Conversely, overexpression of Bmil suppresses the expression of p16™* and p19*
and allows fibroblast immortalization.

Marked reductions in repopulating activity in Bmil-deficient HSCs can be com-
pletely reversed by the deletion of both pl6™“ and p19™ (Oguro et al. 2006).
p16™“4 inhibits cell cycle progression by inhibiting cyclin D—dependent kinase and
prevents phosphorylation of the tumor suppressor Rb, whereas p19™ prevents deg-
radation and inactivation of the tumor suppressor Trp53 by binding to Mdm2
(Jacobs et al. 1999). Whether Ink4a™-Arf”- HSCs can self-renew more so than wild-
type HSCs is an interesting point. Stepanova and Sorrentino have attempted to
answer this question by analyzing mice deficient in both genes (Stepanova and
Sorrentino 2005). Only a modest increase in self-renewal was observed for Ink4a~~
Arf”- HSCs, but HSC numbers increased approximately tenfold when Ink4a, Arf,
and Trp53 were deleted (Akala et al. 2008). Interestingly, numbers of mature blood
cells and myeloid progenitors were within normal ranges in the triple mutant mice.
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It is possible that the probability of self-renewal in HSCs is under the control of
these three cell cycle regulators.

Both self-renewal and differentiation in HSCs occur via division. The cell cycle
machinery should function normally, which is true not only for HSCs but also for
all dividing cells. Mitogenic stimulation initiates cell cycle progression driven by
heterodimeric kinases made of a regulatory subunit, cyclin and a catalytic subunit,
cyclin-dependent kinase (Cdk) (Malumbres et al. 2004). Two classes of cyclin-Cdk
complexes operate during G1 phase progression. D-type cyclins (D1, D2, D3) complexed
with Cdk4 or Cdk6, or E-type cyclins (E1 and E2) complexed with Cdk2, phospho-
rylate pRb, p107, and p130, which are members of the retinoblastoma (Rb) protein
family. After Rb is hyperphosphorylated by the cyclin E/Cdk2 complex, the asso-
ciation of Rb with various E2F family members is disrupted, allowing initiation of
the E2F transcriptional program. The E2F6 transcription factor acts as a dominant
negative inhibitor through competition with other members of the E2F family.
Interestingly, E2F6 can be a component of PRC1 (Trimarchi et al. 2001). It has
been reported that cyclin D17, D27, D37 triple knockout mouse embryos die of
anemia and heart abnormality by E16.5 (Kozar et al. 2004). The proliferation of
HSCs and of progenitor cells is disturbed in these mutant mice, suggesting that
HSCs depend on D-type cyclins for their division. It has been shown that mouse
embryos deficient in both Cdk4 and Cdk6 display normal organogenesis (defi-
ciency of these proteins is likely compensated for by Cdk2), but die late in gestation
due to impaired erythropoiesis (Malumbres et al. 2004). It remains unclear whether
these Cdks are essential in HSCs because long-term reconstitution using fetal liver
cells from this mutant mouse has not been shown.

Cdk inhibitors (CKIs) are assigned to one of two families based on their struc-
tures and Cdk targets. One is the Ink4 family, which consists of pl16™¢/p194,
pl5™¥®, p18M¥ and p19™¢, The members of this family competitively inhibit D-type
cyclin binding to Cdk4 and Cdk6. The other is the Cip/Kip family, which consists
of p216r!, p27%P! "and p57%P2. The members of this second family are potent inhibi-
tors of cyclin E- and A-dependent Cdk2 (Sherr and Roberts 1999).

Cheng et al. have examined HSCs from mice deficient in one of these CKIs in a
series of studies. In the absence of p21°P/*! the number of HSCs increases via an
increase in the proportion of cycling HSCs, which are easily exhausted by serial
transplantation (Cheng et al. 2000a). Curiously, these phenotypes have not been
seen in mice of the C57BL/6 strain (van Os et al. 2007). In the absence of p18™k,
the number of HSCs markedly increases without premature exhaustion after trans-
plantation (Yuan et al. 2004). Of interest is that in the absence of p27%P!, numbers
of HSCs did not change, but the pool size of progenitor cells enlarged under prolif-
erative stress such as serial transplantation (Cheng et al. 2000b). Neither how
p21€PWall “hut not p18™k#, is linked to the proliferative capacity of HSCs, nor why
p27%P! plays a primary role in progenitor cells, but not in HSCs, is known.
Nonetheless, these studies suggest that each CKI has a distinct role in regulating
the cell cycle at different differentiation stages.

Telomeres are the genetic structures that protect chromosome ends from deg-
radation, recombination, and fusion. The mouse telomere is relatively long,
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ranging from 20 to 100 kb, while it is relatively short in man, ranging from 3 to
12 kb. Human telomerase is a ribonucleoprotein complex consisting of the RNA
and catalytic components (hTR and hTERT). Most somatic cells, including stem
cells, show progressive telomere shortening with division because they have
little telomerase activity. Average telomere length thus can indicate division his-
tory, as shown for human fibroblasts (Allsopp et al. 1992). Self-renewal poten-
tial is diminished in HSCs when the telomere becomes too short (Allsopp et al.
2003b). However, self-renewal potential in HSCs decreases with division even
when sufficient telomere length is maintained. Overexpression of telomerase in
HSCs can prevent telomere shortening but cannot prevent a decrease in self-
renewal potential (Allsopp et al. 2003a). In human hematopoietic cells, telom-
erase overexpression did not prevent proliferation-associated telomere shortening
(Wang et al. 2005a). These data show that a decline of self-renewal capacity in
HSCs associated with proliferative stress is independent of telomerase activity
and telomere length.

It has been discovered that HSCs from ataxia telangiectasia mutated (ATM)
gene-deficient mice are unable to self-renew in vivo (Ito et al. 2004). Reactive
oxygen species (ROS) are constantly produced in living cells, mostly as a by-
product of normal mitochondrial activity (Barzilai and Yamamoto 2004). ROS cause
severe damage to DNA. ATM-deficient HSCs seem more sensitive to ROS than do
wild-type HSCs. Surprisingly, this defect almost completely disappears on treat-
ment with anti-oxidative agents such as N-acetyl-l-cysteine (Ito et al. 2004).
Moreover, enforced expression of Bmil in ATM™ HSCs restores self-renewal
capacity as well. Expression of pl16™“ in ATM~~ HSCs is likely suppressed by
overexpression of Bmil in HSCs. This study suggests that oxidative stress can
cause senescence of HSCs via the p16-Rb pathway (Ito et al. 2004).

Differentiation in HSCs

In vitro colony formation by HSCs represents a paradigm for the study of epi-
genetic mechanisms. Certain transcriptional factors such as Pu.l and Gata2 are
expressed in HSCs. Probably these factors recruit coactivators or corepressors to
the regulatory regions of genes, followed by assembly of chromatin remodeling
machinery. A limited number of cytokines support these processes. A rather simple
differentiation program initiated by these cytokines might govern all sequential
epigenetic modifications and gene expressions. Although epigenetic modifications
are considered stably inherited from parental cells to daughter cells, epigenetic
asymmetry is also suggested for asymmetric cell division (Lansdorp 2007). An
individual HSC has a single pattern of epigenetic modifications but gives rise, in its
descendant mature blood cells, to cells with, one presumes, a great variety of pat-
terns of epigenetic modifications. To learn what kind of program can establish such
a diversity of epigenetic modifications from a single pattern of epigenetic modifica-
tions would be extremely interesting.
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Differentiation Pathways

The bifurcation model for HSC differentiation has been widely accepted for quite
a while now. This model simply and easily explains that HSCs differentiate exclu-
sively into either common myeloid progenitors (CMPs) (Akashi et al. 2000) or
common lymphoid progenitors (CLPs) (Kondo et al. 1997). Identification of several
distinct progenitor populations has been useful for analysis of a number of knockout
mice because it is easy to see which stages of differentiation are affected by deletion
of genes. However, this model requires major revision (Arinobu et al. 2007).
Although multipotent progenitor cells capable of giving rise to both CMPs and
CLPs have been identified, differentiation potential of these progenitor cells was
restricted to the neutrophil, macrophage, and B- and T-lymphoid lineages
(Adolfsson et al. 2005). These progenitors thus were named lymphoid-primed
multipotent progenitors. Potential to differentiate in the erythroid/megakaryocyte
lineage was likely lost during differentiation stages between HSCs and lymphoid-
primed multipotent progenitors. Erythroid/megakaryocytic differentiation seems
lost prior to the emergence of CMPs. If this is the case, CMPs do not have full
myeloid lineage neutrophil, macrophage, erythroid, and megakaryocyte differentia-
tion potential. Cells with full neutrophil, macrophage, and erythroid/megakaryo-
cyte potential were detected at the clonal level among HSCs and among populations
closely related to HSCs, but not among other populations, including conventional
CMPs (Ooehara et al., unpublished data, 2006). “True” CMPs, if they exist, might
be in a population closely related to the HSC population (Arinobu et al. 2007).
Early thymic progenitors have the potential to give rise to myeloid lineage cells
such as macrophages and dendritic cells but do not have the potential to differentiate
along B-lymphoid lineage, suggesting that CLPs do not contribute to T-cell development
(Bell and Bhandoola 2008; Wada et al. 2008). If this is the case, what are CPLs for?
A new model is required, one based not only on population-hierarchy data but also on
cell tracking analysis data that show direct relationships among populations. One
hopes that the functional significance of each isolated population will be studied.

Molecular Control of Differentiation and Lineage Commitment

In our eyes, to understand cellular differentiation programs at the molecular level is
one of the most difficult tasks in stem cell biology and even more generally in life
science. A combination of transcription factors specifies a gene expression profile
in a cell. Differentiation can be a process of selecting a certain set of transcription
factors to be expressed. Expression levels of individual transcription factors likely
bias lineage choices in differentiating cells. Transcriptional regulation is extremely
complex because a transcription factor acts as a positive or negative regulator for
gene expression, a transcription factor controls up- and downregulation of many
genes, and expression and action of transcription factors are associated with epige-
netic changes. What kind of program exists to control all of these events in a cell?
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Transcription Factors

Although many gene knockout studies have shown that particular transcription factors
play important roles in hematopoietic differentiation programs, no particular
lineage-specific transcription factor alone controls lineage commitment or promotes
differentiation along a certain lineage. Multiple transcription factors seemingly act
together to direct differentiation in complex transcriptional networks.

Pu.1 is expressed from HSCs all the way to mature neutrophils and macrophages.
This particularly interests us because all HSCs are almost certainly able to form
myeloid colonies in culture within 2 weeks. Differentiation of neutrophils and mac-
rophages is profoundly blocked in Pu.l knockout mice (Scott et al. 1994;
McKercher et al. 1996). Perhaps myeloid differentiation potential is the most
important function if HSCs are to support the life of an organism. When Gatal is
expressed at a certain stage of HSC differentiation, the Pu.1:Gatal expression ratio
appears critical in specifying the choice of erythroblast/megakaryocyte lineage.
Similarly, when C/EBPa and Pax5 are expressed at a certain stage of HSC differ-
entiation, the C/EBPa:Pax5 expression ratio appears critical in specifying the
choice of B-lymphoid lineage. Cross-regulation by key regulators is likely exerted
via direct protein-protein interaction (the cross-antagonistic model) (Orkin 2000) in
addition to transcriptional levels. Multiple transcription factors exhibit both posi-
tive and negative effects on one lineage program. It is more difficult to clarify the
effects of multiple transcription factors if these transcription factors form large
complexes. In addition, a stochastic versus deterministic debate always emerges on
the issue of fate determination, making the matter more complicated.

Epigenetic Changes

Genomic DNA methylation and histone modifications are the major epigenetic modi-
fications. DNA methylation is a postreplication modification that is predominantly
found in cytosines of the dinucleotide sequence CpG. CpG islands are often found in
promoters and first exons. Methylation of CpG-rich promoters prevents initiation of
transcription. DNA methylation in centromeres and telomeres is essential for genomic
stability. DNA methyltransferases Dnmt1, Dnmt3a, and Dnmt3b catalyze methylation
of GpG. It has been suggested that the contribution of these methyltransferases to the
maintenance of global DNA methylation varies and that its contribution is specific to
cell type and developmental stage (Chen et al. 2003; Dodge et al. 2005). A primary
role of Dnmtl, or of Dnmt3a and Dnmt3b, is the maintenance of the methylated
genome or de novo methylation of the genome (Okano et al. 1999). Dnmt3a but not
Dnmt3b has been shown to be required for spermatogenesis in mice (Kaneda et al.
2004). Dnmt3b™ murine embryonic fibroblasts have been shown to undergo either
premature senescence or spontaneous immortalization (Dodge et al. 2005).

We previously analyzed Dnmt3a”, 3b™, or 3b”-3b”" adult HSCs from condi-
tional knockout mice. Differentiation of HSCs was unaffected in these three
types of mutant HSCs. However, self-renewal activity was severely impaired in
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Dnmt3a“b3~~ HSCs, although it remained intact in either Dnmt3a™ or 3b”-
HSCs (Tadokoro et al. 2007). We used retroviral infection to introduce Cre recom-
binase into HSCs in this series of experiments. The Cre recombinase virus seems
more or less toxic to self-renewal activity in HSCs. Presumably, a persistently
high level of Cre recombinase expression adversely affects self-renewal. Therefore,
we have attempted to reevaluate self-renewal activity in Dnmt3a®3b” HSCs by
using Mx1-Cre transgenic mice crossed with Dnmt3a/3b conditional knockout
mice. Preliminary results show that long-term repopulating activity appears not so
severely impaired in Dnmt3a™3b” HSCs. Closer examination is needed to deter-
mine whether both Dnmt3a and 3b are really necessary for self-renewal in adult
HSCs. We have recently analyzed HSCs in fetal liver of Dnmt3a or 3b straight
knockout mice. Differentiation in Dnmt3a” or 3b”~ HSCs was within normal
ranges, consistent with our previous observations. However, Dnmt3b, but not
Dnmt3a, seems to play a crucial role in acquisition or maintenance of self-renewal
potential in developing HSCs (Ibata et al., unpublished data, 2008). Dnmt3b may
play a greater role in developing fetal HSCs than in established adult HSCs.
Alternatively, Dnmt3a may play a role in establishment of fetal liver niches but
not in bone marrow niches.

Nucleosomes consist of an octameric core of four types of histones: H2A, H2B,
H3, and H4. Each octamer contains two copies of each histone. Chromatin is com-
pacted by the incorporation of the linker histone H1 and its variants. Histone modi-
fication contributes to the dynamic structural characteristics of chromatin, which are
inheritable from a parental cell to daughter cells. These characteristics affect tran-
scription and, therefore, cellular identity (Sarma and Reinberg 2005). Histone tails
(N-termini) are modified by a variety of mechanisms, such as acetylation, methyla-
tion, phosphorylation, and ubiquitination (Strahl and Allis 2000). The discovery of
histone acetyltransferases (HATs) and histone deacetylases (HDACs) has facilitated
studies of roles of histone acetylation in transcription regulation. Short preferred
consensus motifs seem to exist for specificity of individual HATs and HDACS.
Selected lysines in H3 and H4 are thereby acetylated. In general, histone acetylation
is linked with transcriptional activation. Histone phosphorylation is a marker for
activation of immediate early genes and a signal for mitotic chromatin condensation
(Lachner et al. 2003). Histone lysine residues are mono-, di-, and trimethylated.
Histone H3-K4 methylation is linked to transcriptional activation (Wysocka et al.
2005). H3-K9 methylation, in contrast, is present mainly in silenced chromatin
domains. Histone modifications are associated with the function of PcG and trxG
proteins. The Ezh-Eed complex (PRC2) can recruit HDAC:s, a step followed by local
chromatin deacetylation. Because the PRC2 complex possesses histone lysine meth-
yltransferase (HMTase) activity (Su et al. 2003), this complex can methylate H3-K27
(and probably also H3-K9) and induces stable recruitment of PRC1. PRC1 nega-
tively regulates chromatin accessibility promoted by the ATP-dependent chromatin
remodeling SWI/SNF complex. The trxG proteins MLL and Ash-1 also contain the
SET domain. The SET domain proteins display HMTase activity (Dillon et al.
2005). The trxG complex performs H3-H4 methylation and triggers recruitment of
ISW/SNEF, resulting in an activated chromatin state (Lachner et al. 2003).
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To date, little is known about the roles of histone modifications in HSCs. The
differentiation of HSCs into specific progenitor cells and then into diverse blood
cell types represents a particularly powerful system for the study of epigenetic
mechanisms. We hope that a new paradigm for epigenetic analysis will be built in
this research field.

HSC Homing and Intramedullary Mobilization

Although HSCs mainly reside in the bone marrow throughout adult life, HSCs in
substantial numbers constantly leave their bone marrow niches and enter the circu-
lation (Wright et al. 2001). In mice, the spleen functions as a hematopoietic organ.
Some HSCs in the circulation go through the spleen and perhaps stay within the
spleen for a while. A portion of circulating HSCs returns to the bone marrow.
Mobilization is not always associated with cycling in HSCs.

After transplantation, HSCs, and perhaps progenitor cells, can extremely
efficiently home to the bone marrow (Matsuzaki et al. 2004). Bone marrow homing
is thus another important property of adult HSCs. Members of the integrin family,
like o4f1 or a6P1 integrin, seem not to significantly participate in HSC homing
(Brakebusch et al. 2002; Priestley et al. 2006), as previously thought (Potocnik
et al. 2000; Qian et al. 2007). The homing receptor in HSCs has not yet been
identified. Long-term reconstitution takes place only after successful homing and
repopulation of bone marrow cells. To repopulate the whole bone marrow in the
body, intra- and intermedullary mobilization is required for HSCs (Cao et al. 2004).
CXCL12-abundant reticular cells are scattered widely throughout the bone marrow
and are candidates for the cellular component of the HSC niche (Sugiyama et al.
2006). HSCs are thought present in close association with CXCL12-abundant
reticular cells. Since CXCR4~~ HSCs exhibit poor reconstitution, CXCR4/CXCL12
interaction may be required to keep hibernating HSCs in the niche and to maintain
the HSC pool. Alternatively, CXCR4/CXCL12 interaction may play a role in a
process of intramedullary micromobilization by HSCs.

Perspectives

Stem Cell Therapy

In order to translate stem cell biology into stem cell therapy, we must know how to
control the fate of stem cells. Otherwise, the possibility of unwanted outcomes is
apparent, with harm due on the one hand to self-renewal capacity and on the other
to pluripotency or multipotency. Malignant tumors originate from cells with uncon-
trolled self-renewal and deficiency of differentiation. Overproduction of only a
particular lineage may result in a functional failure of the organ.
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ESCs have become an extremely attractive source for adult stem cells since
human ESCs and induced pluripotent stem cells were established (Thomson et al.
1998; Shamblott et al. 1998; Takahashi et al. 2007; Yu et al. 2007). In the field of
hematology, efficient generation of HSCs from ESCs is the most important key for
successful stem cell therapy. Ex vivo expansion of HSCs has been difficult. This prob-
lem should be overcome by use of ESCs. However, it remains difficult to generate
HSCs from ESCs. ESCs supposedly give rise to HSCs through multiple steps
(Matsumoto et al., 2009). In mice, enforced expression of HOXB4 supports
generation of HSCs from ESCs (Kyba et al., 2002). Certain developmental stages
of HSCs seem skipped by HOXB4. The resultant ESC-derived repopulating cells
remain significantly inferior to adult HSCs from bone marrow, however, particu-
larly in the context of repopulating activity or self-renewal potential. In humans,
repopulating cells have not been successfully generated from ESCs by any means
including enforced HOXB4 expression (Wang et al. 2005b). Therefore, we still
have far to go to achieve practical use of human ESCs and induced pluripotent stem
cells as a source of HSCs.

Cancer Stem Cells and Age-Related Changes in Stem Cells

The recognition of the hierarchical order among leukemic cells, like that in normal
HSCs, evoked the concept of leukemic stem cells in the early 1990s (Bonnet and
Dick, 1997; Lapidot et al., 1994). This concept has been gradually applied to a
variety of malignant tumors, with invocation of “cancer stem cells.” This has
occurred against a shift in thought, with the hypothesis now entertained that cancer
stem cells might have acquired properties of stem cells such as self-renewal capac-
ity and hibernation capacity. In other words, “ordinary” cancer cells become cancer
stem cells by stealing molecular mechanisms that operate in normal stem cells.
Many candidate molecules have been proposed as essential for maintenance of both
stem cells and cancer stem cells. These studies have suggested a potential new
therapeutic strategy to target cancer stem cells. A new avenue toward eradication
and complete cure of cancer will be seen if such essential molecules are specifically
inhibited only in cancer stem cells.

Stem cell biology has provided the basis for the study of cancer stem cells.
This may be reciprocated for stem cell biology by the study of cancer stem cells.
The population origin of leukemic cells has recently been the focus of studies.
Sten Eirik Jacobsen’s group has identified CD34*CD38 CD19 cells as a bone
marrow population in which leukemic stem cells arise, or blastic transformation
takes place, in the case of chronic myeloid leukemia (CML) (Castor et al. 2005).
This work is a good example of how stem cell biology made a remarkable contri-
bution to the study of leukemogenesis. Although CML has been considered a
stem cell disease, T-lymphoid lineage seems less often involved in CML than are
myeloid and B-lymphoid lineages. This suggests that CML may not always originate
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in the most immature HSCs; if so, HSCs may remain intact even though leukemic
cells occupy most of the bone marrow. It is possible that CD34- HSCs remain
spared from stem cell diseases, such as CML, myelodysplasia, and aplastic ane-
mia. If normal hematopoietic cells are recovered from diseased bone marrow,
they may contain candidate human HSCs. Most acquired aplastic anemia is con-
sidered to be autoimmune disease, which can in part be successfully treated with
immunosuppressive therapy (Young et al. 2008). If HSCs indeed survive some-
where in almost empty bone marrow of this sort, to identify HSCs in aplastic
bone marrow may be easier than to do so in normal bone marrow with a huge
number of cells.

A multistep model has been accepted for leukemogenesis. Two major steps
(class T and class II mutations) have been proposed in leukemia development
(Gilliland 2002). Class I mutations are activating point mutations in signal mole-
cules, which provide proliferation and survival signals. Class II mutations involve
upregulation of hematopoietic transcription factors, which lead to impaired differ-
entiation. Genes associated with translocations in human leukemia have often
appeared to be important regulators of hematopoiesis. This model might be applied
to manipulation of self-renewal signals in normal HSCs because self-renewal can
be interpreted as a physiologic result of imbalance between proliferation and dif-
ferentiation signals. For instance, if Jak2/Stat5 signaling in HSCs is transiently
enhanced or if expression levels of transcriptional factors in HSCs are conditionally
increased or decreased, these alterations might advantageously work to induce self-
renewal in HSCs.

We are not sure whether HSCs age. Although aging can be defined as phenotypic
change over a lifetime, aging in HSCs must be closely associated with their history of
divisions rather than with the passage of time itself. HSCs may phenotypically change
only when they approach maximum numbers of divisions. It has been suggested that
pl6t4 and p2 1Pl gre upregulated, and that p38 MAPK is phosphorylated in aging
HSCs (Janzen et al. 2006; Choudhury et al. 2007; Ito et al. 2006). We and others have
observed a decline in self-renewal potential in serially transplanted mice, but not in
normally aged mice (Sudo et al. 2000; Morrison et al. 1996). One may generally con-
sider that stem cell function decreases as age increases, but this is not the case for
HSCs in C57BL/6 mice. HSCs with highly repopulating activity exist in aged mice,
and in numbers as large as those in young mice (Sudo et al. 2000; Morrison et al.
1996). These molecules thus may be related to the history of cell division and to DNA
damage but not directly associated with aging. We have previously observed that dif-
ferentiation potentials for myeloid and lymphoid lineages are imbalanced in aged
HSCs. Interestingly, the imbalance appeared partially reversible (Sudo et al. 2000). We
and others have proposed that self-renewal potential is extensive, but also limited, in
HSCs. We need to know how many times and how often individual HSCs are allowed
to divide in vivo.
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Hematopoietic Stem Cells and Their Niche

Hiroko Iwasaki and Toshio Suda

Abstract The stem cells’ major capabilities (i.e., the pluripotency and the
self-renewal) are the keys to sustain the lifelong functionality of the organ. Stem
cells reside in the special microenvironment called niche. The niche and stem cells
adhere to each other via adhesion molecules and exchange the molecular signals
that maintain the stem cell features. It has been suggested that tumor tissue also
contains such type of cells.

In this chapter, the hematopoietic system is exemplified to show the interaction
between the stem cell and its niche, which is the most intensively studied and arche-
typical stem cell system. Different kinds of niche and the regulatory mechanisms
are explained. Furthermore, the niche involvement in cancer stem regulation, tumor
invasion, and metastasis, as well as the novel therapeutic approaches in association
with the cancer stem cell niche are also discussed.

Introduction

Virtually every organ has stem cells. These stem cells possess two major roles: the
pluripotency that gives rise to the mature cells to compose the specific organ or
tissue, and the self-renewal capability to supply enough cells to maintain the
organ’s function. These stem cells tend to be found in specific areas in the organ,
where special microenvironment maintains the stem cell functions. This special
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microenvironment is called the niche. The stem cell and the niche cells adhere to
each other via adhesion molecules and exchange the molecular signals that main-
tain the stem cell features.

The concept of the stem cell niche was proposed by R. Schofield in 1978 for the
hematopoietic stem cell (HSC) in bone marrow (Schofield 1978). Schofield stated
“the cellular environment which retains the stem cell I shall call a stem cell ‘niche.’
As long as the stem cell remains fixed its further maturation is prevented and it
continues indefinitely to replicate as a stem cell, i.e., it exhibits immortality.” Since
this initial proposal, not only the HSCs but various other kinds of stem cells have
also been identified, and their niches and the molecular mechanisms for stemness
maintenance have been revealed.

The stem cells are not only present in healthy normal organs or tissues. Recent
findings suggest that a group of cells exist in tumors that behave in a similar way
to the normal stem cells. Such cells are called cancer stem cells and are considered
to be deeply involved in the tumor proliferation, invasion, and metastasis. Their
niche plays a regulatory role for the cancer stem cell maintenance.

As of today, the most advanced studies in the stem cell niche field can be found
in the hematopoietic system. In this chapter, the interaction between the HSC and
its niche will be discussed. Furthermore, the niche involvement in the cancer stem
regulation, tumor invasion, and metastasis and the novel therapeutic approaches in
association with the cancer stem cell niche will also be approached.

Stem Cell and Niche

The stem cell research, in terms of the maintenance of the pluripotency and self-
renew capacity, was greatly advanced through the experiment using Drosophila and
Caenorhabditis elegance. In 1997, the group of W. Deng and H. Lin demonstrated
that the female Drosophila has “cap cells” at the tip of the ovary, to which the germ
line stem cells adhere (Deng and Lin 1997). In mitosis, the daughter stem cells that
divide to the direction in which they no longer adhere to the cap cells started the
differentiation and grew into the cystoblast. In contrast, those that kept the adhesion
to the cap cells after the cell division remained as the germ line stem cells. These
results suggested that the cap cells provide the special environment for the germ
line stem cell and play a role as the stem cell niche in the Drosophila ovary.

T. Xie and A. C. Spradling demonstrated in 2000 that the newly introduced cells
to the Drosophila ovary performed as the germ line stem cell as long as they adhere
to the cap cells, thus proving that the cap cells function as the true stem cell niche
(Xie and Spradling 2000). They showed that the germ line stem cells require a
signal mediated by dpp, a member of the TGF-f (transforming growth factor beta)
super family, in order to maintain the adhesion to the cap cells (to maintain the stem
cell) and control the frequency of the cell division. Additional signals, such as
Hedgehog, Wingless, or Armadillo, were also suggested to be involved in the regu-
lation of the germ line stem cells.
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Interaction Between Hematopoietic Stem Cell and Niche

Osteoblastic Niche

In human hematopoiesis in bone marrow, the osteoblasts offer the microenvironment
as the niche (i.e., osteoblastic niche) for the HSCs. HSC and the osteoblast bind
each other via the adhesion molecules, such as N-cadherin (Fig. 1). The two inde-
pendent research groups, led by L. Li and D. T. Scadden, respectively, revealed this
new function of the osteoblast as the HSC niche in 2003. Both groups approached
the issue in the investigation of the regulatory system for the number of the HSCs.
Li’s group reported that bone morphogenetic protein (BMP) signaling pathway
through BMP receptor type IA (BMPRIA) expressed in osteoblasts controls the
number of HSCs by regulating the niche size (Zhang et al. 2003). Scadden et al.
showed that the osteoblastic cells stimulated by activated PTH (parathyroid hor-
mone)/PTHrP(parathyroid hormone-related peptide) receptors (PPRs) and increased
in number produced high levels of the Notch ligand jagged 1 and supported the
increase in the number of HSCs (Calvi et al. 2003).

It is widely known that the stem cell in general is in a quiescent state (GO phase
in cell cycle) and that this quiescence prevents the stem cells from entering into the
cell cycle and differentiation. In this regard, the evidence for the importance of Tie2
signaling in HSC—niche interaction has been demonstrated by Puri and Berstein by
using chimeric mice generated between normal embryonic cells and cells lacking
Tie family receptors (Tiel and Tie2) (Puri and Berstein 2003). Although Tie receptors
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Fig. 1 Schematic model for hematopoietic stem cell (HSC) and osteoblastic niche. Osteoblastic
niche lodges HSC via adhesion molecules, such as N-cadherin. Osteoblast and HSC exchange
various signaling in order to maintain the stem cell functions
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were not required for fetal hematopoiesis, including emergence of definitive HSCs,
relocation to fetal liver, and differentiation, HSCs lacking these receptors were not
maintained in the adult bone marrow microenvironment. Since Tiel-deficient cells,
which express normal levels of Tie2, contribute to hematopoiesis, these findings
indicate that Tie2 is required for postnatal bone marrow hematopoiesis. In addition,
they analyzed chimeric mice generated between Tiel/Tie2 deficient embryonic
cells and Rag2-deficient morula as the host, which does not produce mature lym-
phocytes, with a result that Tie-deficient cells could fully contribute to lymphopoiesis
when no wild-type competing cells coexist. These findings indicated that Tiel and
Tie2 deficiency in HSCs leads not to the defect in differentiation but to survival in
the microenvironment in adult bone marrow.

Arai et al. directly observed that angiopoietin-1 (Angl) expressed in osteoblast
interacts with Tie2, a type of receptor tyrosine kinase expressed in hematopoietic
stem cell in bone marrow, and demonstrated that Tie2/Angl interaction activates
B1-integrin and N-cadherin. This enhanced adhesion between the niche cell and the
stem cell contributes to the maintenance of the quiescence of the stem cell and self-
renew (Arai et al. 2004). Further studies are needed to elucidate the functional
relationship between cell adhesion and cell cycle regulation.

Osteopontin (Opn), expressed by osteoblast, is also reported as a key component
in HSC niche (Nilsson et al. 2005). Nilsson et al. demonstrated that the LSK (lin-
eage'Sca-1*c-Kit") cells that were isolated from bone marrow of Opn knockout
mouse after the continuous 4-week BrdU treatment were 100% BrdU positive,
meaning that the HSCs divided at least once in 4 weeks in bone marrow of the Opn
knockout mice. On the other hand, approximately 60% of the collected LSK cells
were BrdU", as in the case of wild-type mice. They also showed that CD34* human
hematopoietic progenitors were inhibited to bind to Opn when treated with the
specific B3, integrin-blocking antibody prior to the cell culture. Also, the LSK cells
were observed to be rather randomly distributed within bone marrow after trans-
planted into Opn knockout mice, whereas they were likely to be located at the
endosteal region, where osteoblasts reside, in the case of wild-type mice. These data
suggested that Opn expressed by osteoblast contributes to the adhesion between the
HSC and osteoblastic niche and negatively regulates HSC proliferation, contributing
to the maintenance of the stem cell quiescence.

Thrombopoietin (TPO) and its ligand Mpl, the regulator of megakaryopoiesis,
are also critical regulators in HSC maintenance in osteoblastic niche, as reported by
two independent groups (Yoshihara et al. 2007; Qian et al. 2007). Yoshihara et al.
found that the majority of Mpl* LSK cells were found in side population (SP), the
most concentrated fraction of quiescent HSCs. Mpl* HSCs were observed in close
contact with TPO-producing osteoblastic cells at the endosteal surface in trabecular
bone area. On the other hand, Quin et al. demonstrated that TPO/Mpl signaling is
required for postnatal HSC expansion but not in the prenatal phase, using adult
Thpo™~ mice. In the knockout mice, the number of HSCs was 150-fold reduced, and
pS7%2 - a cell cycle regulator specifically expressed in the quiescent population of
LT-HSC, was dramatically downregulated in HSCs. Meanwhile, Yoshihara et al.
found that p57%¥? was upregulated by stimulation with TPO and downregulated by
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AMM?2, an anti-Mpl neutralizing antibody. These data consistently indicate that the
Mpl/TPO signaling regulates cell cycle of adult quiescent HSCs to maintain the
pool at the physiologically reasonable level.

c-Myc is another important regulator of the HSC fate. Wilson et al. demon-
strated, using conditional c-Myc deficient mice, that the number of HSCs in bone
marrow was significantly higher, and that the HSC differentiation was prevented
due to the upregulated adhesion molecules between HSC and the niche, such as
N-cadherin and various integrins, resulting in the severe cytopenia. Conversely,
overexpression of c-Myc led to loss of self-renewal activity and augmented differ-
entiation of HSCs. The endogenous c-Myc mRNA level appeared to differ consis-
tently with these results (i.e., the lower expression level in the self-renewing
long-term HSCs and higher level in the differentiating short-term HSCs). c-Myc
controls the balance between the HSC self-renewal and differentiation by adjusting
the adhesion between HSCs and the niche (Wilson et al. 2004).

ECM Contribution to Osteoblastic Niche

Aside from the factors expressed in osteoblasts, various extracellular matrix (ECM)
proteins in bone marrow are also confirmed to be involved in the regulation of the
osteoblastic niche environment. Glycosaminoglycan hyaluronic acid (HA), for
example, is one of the key components of the niche regulators. HA is the major
component of the ECM and is found ubiquitously, including in bone marrow. Its
receptor, CD44, is a multifunctional transmembrane protein expressed by a wide
variety of cells, including the hematopoietic stem cells and progenitors. Matrosova
et al. reported that the 5-fluorouracil (5-FU)-treated mice for bone marrow suppression
exhibited quicker recovery in terms of the white blood cell and platelet counts when
administered with HA during the recovery period, compared to phosphate buffered-
saline as control (Matrosova et al. 2004). In order to examine the location of
injected HA in vivo, the fluorescein isothiocyanate (FITC)-labeled HA was traced
and found concentrated at bone marrow, binding to CD44. This suggests that HA
plays a role as a regulator of supportive function of niche in bone marrow for
hematopoietic stem cells.

Another report demonstrated that the xenografting of human CD34* hematopoi-
etic stem/progenitor cells into the bone marrow of nonobese diabetic severe com-
bined immunodeficient (NOD/SCID) mice was significantly impaired by masking
the HSCs’ cell surface with anti-CD44 antibody or HA (Avigdor et al. 2004), indi-
cating that CD44-HA interaction is an important factor for homing and engraftment
of the HSC to the niche.

Because the osteoblasts are located at the endosteal area, where higher calcium
concentration is expected due to its active bone modeling/remodeling, Adams et al.
hypothesized that the sensor for calcium must be expressed on HSCs and contributes
to their homing and lodgment to bone marrow. They revealed that calcium-sensing
receptor, CaR, was expressed on normal HSCs and that CaR-deficient mice had a
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normal number of primitive hematopoietic cells in the circulation and spleen but
few of them were found in bone marrow. HSCs isolated from fetal liver of CaR-
deficient mice could not localize at the endosteal niche in wild-type recipient mice
because of the defective adhesion to the collagen I, one of the major components of
the ECM secreted by osteoblast. Thus, it was suggested that the HSCs preferen-
tially localize the calcium-rich endosteum and lodged to the niche via adhesion to
the ECM surrounding the osteoblast (Adams et al. 2006).

Vascular Niche

As described above, the adhesion molecules and their signaling play a fundamental
role in the HSC maintenance for the osteoblastic niche. There has been another
kind of niche recently found along the endothelial cells of the sinusoidal vessels in
bone marrow or spleen. This microenvironment is called the vascular niche. This
new type of niche was revealed through a recent study to distinguish the stem and
the progenitor cells in bone marrow using the SLAM family receptors. The most
purified HSCs were fractioned as CD150*CD244-CD48 cells, and the majority of
these cells were found associated with sinusoidal endothelium (Kiel et al. 2005).

Sugiyama et al. showed that the HSCs were found specifically adjacent to the
cells expressing a high level of CXCL12 (also called stromal cell-derived factor-1
or SDF-1) and surrounding the sinusoidal endothelial cells. They named these cells
CXCL12-abundant reticular (CAR) cells and demonstrated that the depletion of
CXCR4 led to the reduction of the HSC pool and a poor survival rate after
5-FU-induced bone marrow suppression, thus suggesting that CXCL12-CXCR4
chemokine signaling plays an essential role in maintaining the quiescent HSC pool
(Sugiyama et al. 2006). The connection between CAR cells and HSCs is also
observed at the endosteum. It appears to be the universal component of the
hematopoietic stem cell niche.

The homing and lodgment mechanism to the vascular niche, the integrin very late
antigen 4 (VLA-4) and its ligand vascular cell adhesion molecule 1 (VCAM-1), was
proposed to be the regulator (Papayannopoulou et al. 1995). The pretreatment of donor
cells with either anti-VLA-4 or VCAM-1 antibody prior to the transplantation into the
recipient mice resulted in impaired lodgment of HSCs to bone marrow and increased
the number of hematopoietic progenitors in circulating blood and the spleen.

Taking advantage of the VLA-4-mediated interaction between HSCs and vascular
niche in bone marrow, natalizumab, a human anti-VLA-4 antibody, has been
suggested for treating patients with poor response to granulocyte colony-stimulating
factor (G-CSF)-based protocols for the peripheral blood stem cell transplantation
(Zohren et al. 2008).

Human anti-VLA-4 antibody natalizumab was originally developed and introduced
for the treatment of autoimmune diseases, such as multiple sclerosis (MS) and Crohn’s
disease. The authors examined peripheral blood of patients with MS receiving natali-
zumab and found that the number of CD34* primitive hematopoietic cells, including
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HSCs, circulating in peripheral blood was significantly higher in natalizumab-treated
MS patients, compared to those in untreated MS patients or healthy volunteers. The
increase in the number of CD34* cells was observed as soon as 1 hour after the infu-
sion of natalizumab, and the colony-forming unit assay demonstrated that progenitors
mobilized into peripheral blood formed significantly higher numbers of BFU-E and
CFU-G/M/GM colonies compared to before infusion. The increase of CD34* cells in
peripheral blood was the result of both mobilization effect and inhibited homing by
natalizumab. The latter effect lasted longer than the half-life of natalizumab. Thus,
anti-VLA-4 antibody natalizumab with mobilizing ability may have the potential to
become an alternative in peripheral blood stem cell transplantation.

The functional difference between the osteoblastic and vascular niches is yet to be
elucidated; however, it may be reasonable to approach this issue from a physiological
aspect. One of the major differences of these two microenvironments is the oxygen
level. In vascular niche, a higher oxygen level is expected than in osteoblastic niche.
Under such a microenvironment, the cell cycle of the stem cell would resume (Parmar
et al. 2007). Thus a model of the dynamics of the hematopoiesis can be hypothesized:
the HSCs in GO state located at the osteoblastic niche under the regional hypoxia
would move to the vascular niche at a certain time, undergo differentiation, and sup-
ply the required pool of the mature cells into the peripheral bloodstream (Heissig
et al. 2002). Once the supply fulfills the necessary mature cells, the HSCs at the vas-
cular niche would move back to the osteoblastic niche, where they are maintained in
the GO state again. The logistics of the HSCs shuttled between these two types of
niches may be the key for well-balanced hematopoiesis (Fig. 2).

The endogenous oxidative metabolism in HSCs was studied by Piccoli et al.,
using human CD34* HSCs forced to mobilize from bone marrow to peripheral
blood in the G-CSF infusion regimen (Piccoli et al. 2005). The mitochondrial oxy-
gen consumption level in HSCs was significantly reduced to approximately 10%,
compared to regular types of cells, and it was found not because of inhibitory con-
trol but relatively poor content to mitochondrial cytochromes. The mitochondrial
and extramitochondrial respiration was assessed by treatment with electron trans-
port inhibitors, such as potassium cyanide, or enzymatic scavengers of reactive
oxygen species (ROS), such as superoxide dismutase. The ratio of mitochondrial
versus extramitochondrial respiratory activity was approximately 60:40, and by
combining both treatments the endogenous respiratory activity was completely
blocked. The major ROS producer in this cell is known to be cell membrane—bound
NADPH oxidase, and the authors verified this by immunoprecipitation to show
that NADPH oxidase exists on HSCs’ membrane, forming the fully assembled
functional complex coordinated with p22P™*, p67°hx and p47rhox,

The amount of mitochondria was directly measured by confocal microscopy
analysis using the fluorescent dye specifically accumulated in membrane potential-
generating mitochondria, costained with CD34, an antigen expressed in HSCs or
early hematopoietic progenitor cells. In general, the higher the expression is, the
more primitive the cell is. The density and distribution of stained mitochondria have
high variation among observed cells. Interestingly, the higher the CD34 staining
signal density, the lower the mitochondria staining signal density.
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Fig. 2 Hematopoietic stem cell (HSC) logistic model between osteoblastic niche and vascular niche
in bone marrow. HSC stays in quiescence in osteoblastic niche and activates the cell cycle upon leav-
ing for vascular niche, where the differentiation is initiated. HSCs are guided by multiple factors,
such as local calcium or oxygen concentration gradient between these two different kinds of niches

Collectively, a HSCs oxygen metabolism model was proposed, suggesting that
primitive HSCs that have a low amount of mitochondria use membrane-bounded
NADPH oxidase complex as oxygen sensor and/or ROS source, contributing to
signaling inducing mitochondriogenesis, differentiation, or cell survival.

External Oxidative Stress and HSC

The evidence of the oxidative stress impact on the long-term HSCs’ capability was
demonstrated by Ito et al. (Ito et al. 2006). Treatment of the immature hematopoi-
etic cells of LSK fraction with buthionine sulfoximine (BSO), even at low levels,
affected the repopulation capacity of HSCs after transplantation, but not the num-
ber of colonies formed in culture. This result indicated that elevation of ROS
induced by BSO did not have an impact on the colony-forming progenitors in LSK
fraction but specifically lead to the defect of the HSC function. The elevation of
ROS upregulated tumor suppressors pl6™“* and p19*7, specifically in HSCs, and
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treatment with p38 MAPK inhibitor or an antioxidant N-acetyl-L-cyctein (NAC)
blocked this ROS-induced increase of pl6™# and p19*7. This suggested that oxida-
tive stress induces the HSC-specific phosphorylation of p38 MAPK, and this
activation of p38 MAPK lead to the defect in the maintenance of HSC self-renewal
capacity.

Ito et al. also investigated the ROS effect in vivo using the ataxia telangiectasia
mutated (Afm) knockout mice, which exhibit the defect in oxidative stress regulation. In
Arm™ mice, ROS elevation and defective HSCs’ self-renewal were observed (Ito et al.
2004) and, therefore, the activation of p38 MAPK was expected. After 2 days of incu-
bation, p16™# and p19"” were upregulated in Asm™~ LSK cells as ROS level elevated.
As predicted, p38 MAPK was activated only in LSK cells, and treatment with p38
MAPK inhibitor blocked this upregulation. Furthermore, prolonged treatment with
NAC or p38 MAPK inhibitor extended the lifespan of the wild-type HSCs in serial
transplantation. Collectively, the inactivation of p38 MAPK played a role as a protector
for HSC against the loss of self-renewal capacity through ROS elevation.

Tothova et al. demonstrated that the Forkhead O family members (FoxOs) are
also mediators of HSCs resistance against oxidative stress by generating FoxOl1,
Fox03, and FoxO4 knockout mice.(Tothova et al. 2007) The FoxOs play an important
role in various physiological responses, such as induction of cell cycle arrest, stress
resistance, or apoptosis. The FoxO-deficient mice exhibited a significant decrease
in LSK size, myeloid lineage expansion, and lymphoid developmental abnormalities.
The HSCs from FoxO-deficient bone marrow had defective self-renewal capacity
accompanied by increased cell cycling and apoptotic HSCs as well as increased
ROS level specifically observed in HSCs. On the other hand, NAC treatment
rescued the LSK size, HSC cell cycling profile, and apoptosis, leading to the rescue
of long-term HSC function in the cobblestone forming cell assay. Thus, FoxOs
mediate quiescence and survival of HSCs by detoxification of ROS.

Seed or Soil? Niche Disruption and Disease

If a stem cell comes out of the niche, its differentiation program resumes and the
mature cells are supplied to the organ. If the stem cell niche become corrupted for
some reason, more stem cells would be forced to leave. This may lead to the ideal
situation for the organ, at least temporarily, given plenty of healthy mature cells to
sustain the function. However, what if the majority of the stem cell niche is perma-
nently destroyed? If a disease has developed, is it because the niche is bad or
because the stem cell itself is no longer healthy due to the niche malfunction?
Walkley et al. answered this question by introducing the retinoic acid receptor y
(RARY) deficient mice (Walkley et al. 2007a). The mice exhibited myeloproliferative
syndrome (MPS) with significantly increased granulocyte/macrophage progenitors
and granulocytes in bone marrow, peripheral blood, and spleen. The phenotypes
became more severe with age. A significant reduction of trabecular bone was
observed, resulting in the osteoblasts depletion, and thus the niche was destroyed.
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In order to determine whether this disease is caused by the bad seed (HSCs) or soil
(niche), the transplantation of the wild-type bone marrow cells into lethally irradiated
RARy overexpressed and deficient mice was performed, revealing the result that the
onset of MPS occurred exclusively in RARy deficient mice. These data clearly proved
that the MPS was not due to the altered HSC but the malfunctioning niche.

At the same time, they also investigated the effect of the Rb gene, a major cell cycle
regulator, using the interferon-inducible Mx-Cre transgene and pRD™ mice (Walkley
etal. 2007b). When Rb was widely inactivated in the transgenic mice, including the bone
marrow and HSCs, the mice exhibited profound myeloproliferation, loss of HSC from
bone marrow, differentiation, and extramedullary hematopoiesis. The substantial loss of
trabecular bone was also observed after the Rb inactivation. However, when either the
transplanted HSC or recipient is the wild type, no such phenotype was observed.

The effect of Rb deletion was also examined using lysozyme-M-Cre mice, by
which the gene deletion specific to the myeloid lineage (i.e., granulocytes, mac-
rophages, and osteoclasts) is made possible. The myeloproliferation occurred when
the Rb-inactivated hematopoietic cells, including the unaffected HSCs harvested
from the lysozyme-M-Cre mice, were transplanted into the widely Rb-inactivated
mice, but not when transplanted into the wild-type mice. Collectively, this Rb dele-
tion model concluded that myeloproliferative disease is observed only when Rb-
inactivated myeloid-derived cells interacted with Rb-inactivated microenvironment,
regardless of the condition of the HSCs.

Both of these studies exhibited the loss of the osteoblastic niche and myelopro-
liferation, however, the causes were not identical. The status of the residual
microenvironment, recovery system for the lost niche, or the relevance of the gene
to hematopoiesis and microenvironment may influence the differences of the obser-
vation between these two cases. The bottom line is that the disruption of the niche
or microenvironment can trigger the system disorder, albeit even with healthy stem
cells. Knowing the pathological involvement of the niche can bring the novel therapeu-
tic strategy with enhanced effectiveness, and further studies in this area are awaited.

Is There a Niche for Cancer Stem Cell?

Recently it has been reported by various studies that there is a functional microen-
vironment that supports cancer stem cells. This should also be considered as a
niche, thus called cancer stem cell niche. A representative example is acute myeloid
leukemia (AML) and its niche in bone marrow. Jin et al. showed that the anti-CD44
antibody-treated NOD/SCID mice transplanted with AML cells exhibited signifi-
cantly lower rate of the disease onset (Jin et al. 2006). Also, Krause et al. showed
impaired induction of chronic myeloid leukemia (CML)-like myeloproliferative
disease among the recipient mice when transplanted with BCR-ABLI—transduced
CML progenitors from CD44-mutant donors (Krause et al. 2006). These results
indicate that, in both AML and CML cases, CD44 is essential for the homing
and engraftment of the cancer stem cells to the niche. In another words, the
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CD44-expressing leukemic stem cell adhere to the niche, binding to its ligand
hyaluronic acid expressed by the cells on the surface of sinusoidal endothelium or
endosteum in bone marrow, which is crucial for the niche maintenance of the stem
cells. Interestingly, this molecular mechanism resembles that of healthy HSC and
the vascular niche described earlier. Cancer and normal stem cells have much in
common in the maintenance system in the niche.

Interestingly, cancer stem cell can evolve according to the microenvironment
and initiate different type of cancer. Barabe et al. demonstrated that human
hematopoietic cells infected with a retrovirus encoding mixed-lineage leukemia
(MLL)-eleven-nineteen leukemia (ENL) fusion gene caused acute lymphoid leuke-
mia (ALL) when transplanted into sublethally irradiated immunodeficient mice, but
acute myeloid leukemia (AML) when cultured in a myeloid-promoting culture
condition prior to transplantation for a prolonged period (Barabe et al. 2007). This
indicates that the cancer stem cell with MLL fusion gene can initiate either ALL,
AML, or both, depending on the microenvironment.

In contrast to the hematopoietic system, the stem cell research in the solid cancer
field is relatively new. Among them, the stem cells study for brain tumors has made
significant progress lately. Calabrese et al. showed brain tumor cells coexpressing
Nestin and CD133, the fraction believed to contain the cancer stem cell, located
closely to the capillaries in the brain tumor (Calabrese et al. 2007). When these
cells were cocultured, the cancer stem cells selectively adhered to the endothelial
cells. These suggested that the endothelial cells secreted factors necessary to main-
tain the cancer stem cells. Furthermore, the CD133-positive cells derived from
human medulloblastoma developed brain tumor only when xenografted to the brain
of the recipient nude mouse with endothelial cells. These data collectively suggest
that the cancer stem cells of the brain tumor rely on the endothelial cells, which
forms the vascular niche, for the maintenance of their self-renewal, differentiation,
and proliferative capacity.

Roles of Niche Against Development, Maintenance,
and Proliferation of Cancer

As described above, niche has the ability to control the pool, function, and even the
fate of the stem cells. It is indeed an important aspect of niche to maintain the stem
cells in a quiescent state; however, it also has to drive the adequate number of stem
cells into the proliferation and differentiation path at the same time as far as the
maintenance of the organ is concerned. This two-way signal of the niche against
stem cell must be carefully regulated (Fig. 3). For example, in osteoblastic niche for
hematopoietic stem cell in bone marrow, Tie2/Angl adhesion or BMP (bone
morphogenetic protein), a member of TGF-f3 super family, are involved in main-
taining the quiescence and proliferation suppression, while Wnt or Notch signaling
promote the self-renewal, proliferation, and differentiation (Fig. 4) (Wilson and
Trumpp 2006).
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Fig. 3 Dynamics of two-way interaction between stem cell and niche: a comparison between a
normal and a cancer stem cell. In normal stem cell and the niche, the signaling toward stem cell
quiescence and self-renewal is dominant, while proliferative signaling is more dominant between
a cancer stem cell and its niche

It is obvious that cancer tissue is highly proliferative. Does the stem cell regulatory
system in the niche for cancer lean more toward the proliferative side than those for
normal stem cells? Li and Neaves approached this problem via the dependence of
stem cell on niche. They hypothesized that the behavior of cancer and normal stem
cell are regulated by niche at different degrees by niche (Li & Neaves 2006). Cancer
stem cells are derived through intrinsic mutation that leads to its highly proliferative
activity. This highly proliferative state itself alters the signaling balance between
niche and the stem cell. Namely, the niche function of quiescence maintenance
becomes relatively ineffective, thus the function to support proliferation and differ-
entiation become more dominant (Fig. 3). This model is supported by some clinical
symptoms, one of which is the blast crisis of the CML. The Wnt/B-catenin signal, a
causative pathway for self-renew, differentiation, and proliferation, is enhanced in
the mutated nucleus of granulocyte-macrophage progenitors in the CML patient,
due to the higher concentration of the B-catenin and irregularly activated TCF/LEF
(T-cell factor/lymphocyte-enhancement factor) transcription activity (Jamieson et al.
2004). The blast crisis is thought to be triggered by this irregular TCF/LEF activity,
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Fig. 4 A number of signaling pathways between HSC and niche are involved in stem cell regula-
tion. Components in extracellular matrix are also important factors in niche formation. Normal
and cancer stem cells share a majority of these regulatory signals but have different phenotypes

leading to the excess transcription of Wnt target gene products. Similarly, relevance
of irregular Wnt/p-catenin activation has been reported in the cases of colon cancer
or melanoma, in which the -catenin itself has mutation. It is important to note that
many signaling pathways involved in the normal stem cell and niche interaction are
also found between the cancer stem cell and its niche, playing a role as the promoter
of tumorigenesis and cancer proliferation. The identical set of proteins in a slightly
different condition can deliver totally different results.

Mechanism of Cancer Metastasis Regulated by Niche

Niche not only cradles existing cancer stem cells, but also the future incoming cancer
stem cell. Rather, it passively sends the inviting signal to the remote cancer stem cells.

MMPs (matrix metalloproteinases) are factors known not only for their contribution to
the repair of inflammation or wounds but also for their involvement in cancer invasion
and metastasis. A model of the molecular mechanism for remote metastasis and invasion
in association with MMPs has been proposed for the lung (Hiratsuka et al. 2002). In this
model, vascular endothelial growth factor (VGEF) secreted by primary cancer cells
induces the MMP9 expression specifically in lung endothelial cells and mac-
rophages via vascular endothelial growth factor receptor (VEGFR) tyrosine kinase,
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resulting in the formation of the cancer stem cell niche. This means that the cancer cells
can produce their own favorable microenvironment, the future cancer stem cell niche,
from a distance by secreting factors to influence the protein composition at that site.

This niche creation mechanism by cancer cells themselves has been verified for
various other kinds of metastasis as well: the bone metastasis of prostate cancer has
been shown to be supported by urokinase-type plasminogen activator (uPA) or prostate-
specific antigen (PSA) secreted by the prostate cancer cells through altering the growth
factors at the bone microenvironment, thus enhancing the proliferation of the osteo-
blasts that serve as the cancer stem cell niche (Logothetis and Lin 2005). Lung metas-
tasis of breast cancer via secreted protein acidic and rich in cysteine (SPARC),
osteonectin, or MMP?2 is also found based on this mechanism (Minn et al. 2005).

Cells are not the only component of niche. The factors existing in the ECM can
also be a part of the cancer mediator. In cancer stem cell in hypoxia, the oncogene
MET 1is upregulated. MET binds to its ligand hepatocyte growth factor (HGF),
which is found in the ECM, and enhances the transcription of plasminogen activa-
tor inhibitor type 1 (PAI-1) and cyclooxygenase 2 (COX2). This leads to enhanced
blood coagulation and fibrin deposition. The fibrin deposition (fibrin nest) induces
the vasculogenesis in the surrounding area, supporting the homing of cancer stem
cell and its proliferation, thus serving as the cancer stem cell niche. The migration
of the vascular vessel triggered by the fibrin nest also facilitates the metastasis to
other sites (Boccaccio et al. 2005).

Kaplan et al. recently reported on a new type of cancer stem cell niche created by
a third party. They demonstrated this mechanism using the lethally irradiated mice,
transplanted with bone marrow-derived cell (BMDCs), followed by the lung cancer
or melanoma cells. The transplanted BMDCs expressing VEGFR1 gathered at a site,
such as lung, creating a group of cells. This microenvironment is highly receptive for
cancer metastasis, and they call this microenvironment the “premetastatic niche”
(Kaplan et al. 2005). The formation of premetastatic niche has been found for breast
cancer, lung cancer, and gastrointestinal cancer in humans. The BMDCs creating the
premetastatic niche are a type of hematopoietic progenitor expressing VLA-4 (integ-
rin a,3,) and/or 1d3 (inhibitor of DNA binding 3). The primary cancer cells secrete
factors (such as cytokines) that positively regulate the expression of fibronectin (a
ligand of VLA-4) of fibroblasts located at the site of future premetastatic niche,
inducing the homing of VEGFR1-expressing BMDCs. The mice transplanted with
VEGFR 1-depleted BMDC:s or treated with anti-VEGFR1 antibody did not show the
formation of premetastatic niche or metastasis, proving the theory of this new meta-
static mechanism induced by cancer cells involving the third party.

Novel Cancer Therapy Targeting Cancer Stem Cell and Its Niche

Most of the current anticancer drugs act as inhibitors of DNA synthesis or cell
division of the cancer cell, consequently suppressing the growth of tumor.
Therefore, the cancer cells must be in the cell cycle, not in quiescence, in order to
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see the positive effect of chemotherapy. The cancer stem cells as well as normal
stem cells are supposed to be in the quiescent state. Even if the tumor size is
decreased after chemotherapy, it is simply because the regular cell-cycling cancer
cells have been killed. One must expect the quiescent, tumorigenetic cancer stem
cells to survive the chemotherapy.

A report by Graham et al. proved the cancer stem cells’ insensitivity through the
demonstration that most of the BCR-ABL expressing blood cells of patients with
chronic myeloid leukemia arrested after the cell culture with addictive of STI571
(Gleevec®), except those in the quiescent state, namely the leukemic stem cells,
survived and remained in quiescence (Graham et al. 2002). This suggests that
degenerating the quiescent cancer stem cell is one of the most promising therapeu-
tic methods in the next generation cancer treatments aimed at complete cure.
Various attempts based on this concept have been investigated, including the altera-
tion of cancer stem cell characteristics, manipulation of the niche environment to
induce a resumption of the cell cycle, and differentiation of cancer stem cells. From
the viewpoint of cancer stem cell control, complete inhibition of cell division of
cancer stem cells, even if only minimally, may also have possibility.

HSC transplantation is routinely performed for patients with blood diseases,
bone marrow diseases, or some types of cancer, such as leukemia. In transplanta-
tion, purified healthy HSCs derived from bone marrow, peripheral blood, or cord
blood are injected intravenously into patient’s bloodstream. These HSCs are then
homed to niche in bone marrow and resume the healthy hematopoiesis.

Prior to transplantation, patients undergo conditioning with aggressive antican-
cer drugs and/or irradiation, which destroy their own hematopoietic system, includ-
ing HSCs, and suppress the immune reactions. This way, the newly introduced
healthy HSC can home to the empty niche in bone marrow and successfully recon-
stitute the recipient patient’s hematopoietic system. This conditioning regimen,
however, is highly toxic and life-threatening, and patients who do not respond to
anticancer drug and/or irradiation or with low tolerance due to poor general status
should be excluded from this treatment.

Recently, Czechowicz et al. reported that treatment with an antibody that blocks
the HSC function led to the clearance of niche, suggesting the possibility of mild
but effective conditioning regimen (Czechowicz et al. 2007). They demonstrated
that administration of ACK2, an anti-c-Kit antibody, led to rapid and transient
removal of almost all endogenous HSCs in mice, and subsequent transplantation of
purified HSCs led to as high as 90% of donor chimerism. Without conditioning,
typical donor chimerism in recipient mice was 3%, perhaps due to the limited num-
ber of empty niche available for engrafting donor HSCs. Moreover, the HSCs
derived from ACK2-treated mice showed significantly (>90%) reduced engraft-
ment capability, compared to control. The another anti-c-Kit antibody, 2B8, did not
show the effect observed with ACK2. Thus, the mechanism of HSC clearance was
considered as the complete inhibition of c-Kit signaling in HSC by ACK2.

Unlike the case of human anti-VLA-4 antibody natalizumab, as described earlier,
ACK?2 does not have the mobilization effect, which was confirmed by the lack of
HSC detected in spleen, liver, and peripheral blood after infusion. Instead, ACK2
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provides a short time window to allow donor HSC to graft by depleting the host
HSC. This regimen may be an attractive alternative to the conventional condition-
ing regimen not only for those who should otherwise have been excluded in this
medical procedure but also for tolerant patients.

Parthenolide (PTL) is a sesquiterpene lactone and major component in the herbal
remedy feverfew. Recently, PTL was found to have a unique characteristic against
tumors, including inhibition of DNA synthesis, cancer cell proliferation, and nuclear
factor kappa B (NF-«xB) activation, and increase intracellular reactive oxygen spe-
cies (ROS). Guzman et al. successfully demonstrated that PTL induces stem cell-
specific apoptosis among leukemic cells in primary acute myeloid leukemia (AML)
and blast crisis chronic myeloid leukemia (bcCML) without affecting the normal
hematopoietic cells (Guzman et al. 2005). This action was identified as a result of
multiple effects of PTL, such as inhibition of upregulated NF-xB expression in
tumor cells, proapoptotic activation of p53, and increased intracellular ROS.

Glioblastoma is considered one of the most malignant cancers, extremely prolif-
erative, and resistant not only to chemotherapy but also to radiotherapy. The prog-
nosis is very poor with the average survival duration less than a year. Piccirillo et al.
showed a successful result for glioblastoma in attempting the novel therapy based
on the above-mentioned concept. They discovered that the BMPs, especially
BMP4, can induce the differentiation of the CD133* glioblastoma cells, which are
considered to be the cancer stem cells, and ultimately decrease of cancer stem cell
pool (Piccirillo et al. 2006). Moreover, xenograft of human glioblastoma cells to
mice showed significant suppression of the tumor growth and improvement of the
survival rate when treated along with BMP4, which would have been 100% lethal
otherwise. In this case, BMP4 or the other BMPs did not kill the glioblastoma cells
but let them extinct through the induced temporary differentiation and proliferation
by altering the stem cell characteristics. This positive experimental result should
stimulate the exploration of the novel therapeutic method targeting a cancer stem
cell or its niche, showing an approach for a breakthrough in treatment of otherwise
abandoned cancer patients.

For the niche-targeting therapy, Calabrese et al. suggested that alternation of
vascular niche is effective to brain tumor treatment. Medulloblastoma cells express
high levels of erythroblastic leukemia viral oncogenic homolog 2 (ERBB2), and
also VEGF, consequently. ERBB2-overexpressing mice bearing brain tumor were
treated with either ERBB2 inhibitor erlotinib (Tarceva®) or anti-VEGF antibody
bevacizumab (Avastin®). The treatment significantly inhibited the tumor vascula-
ture and suppressed tumor growth. The cancer stem cell expressing Nestin and
CD133, the self-renewing cancer cells, were not found in the mice after either treat-
ment. Similar treatment was applied to mice with glioma, and the results showed a
significant suppression of vasculogenesis and tumor proliferation, as well as the
decrease of the Nestin*CD133* cancer stem cell pool. The small number of surviv-
ing Nestin*CD133* cancer stem cells were all found in association with the tumor
vessels. These data collectively suggest that the suppression of the vascular niche
by inhibiting the vasculogenesis has a potential for novel medulloblastoma or
glioma treatment.
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Conclusion

Stem cell and its niche influence each other to maintain their capabilities, control
the fate, and ultimately sustain the healthy organ or tissue. Besides the interactions
between stem cell and niche, some intrinsic factors of stem cell have been also
revealed as a regulator of stem cell capacity. A good example is Bmi-1, a member
of polycomb group of genes involved in maintenance of transcriptional repression
of target genes. HSCs derived from Bmi-I-deficient mice exhibited defective self-
renewal phenotype, while maintaining the multilineage differentiation potential.
The microenvironment in Bmi-I-deficient mice was found intact. The forced
expression of Bmi-1 led to the enhanced repopulation capacity in vivo and aug-
mented expansion of the progenitors ex vivo. These data collectively suggest that
the self-renewal capacity of HSCs is controlled by the intrinsic expression level of
Bmi-1 (Iwama et al. 2005).

Stem cell regulation and maintenance, whether intrinsic or extrinsic, are not
simple single-factor phenomena, and the large part of detailed molecular mecha-
nism is yet to be elucidated. Understanding the regulatory system could lead to a
novel approach for the effective therapeutic methods that directly target stem cells
(normal or cancer) or niche. As described in this chapter, the latest drugs targeting
the cancer stem cell or its microenvironment employ this state-of-the-art strategy
and are expected to minimize the complications and improve the patients’ quality
of life at the same time. The biology of stem cell and its niche is one of the most
promising research fields of the next few decades, from both scientific and clinical
viewpoints.
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Hematopoietic Stem Cells and Somatic
Stem Cells

Kah Yong Tan, Francis S. Kim, Amy J. Wagers, and Shane R. Mayack

Abstract Stem cells are unspecialized cells that can differentiate to generate more
specialized cell types responsible for tissue-specific function. During development,
the differentiation of pluripotent embryonic stem cells leads to the production of spe-
cialized somatic cells that are ultimately responsible for the structure and function
of all adult tissues and organs. “Naturally” pluripotent cells exist only at the earliest
stages of embryonic development. However, less differentiated stem and progenitor
cells are also present in adult tissues. In contrast to pluripotent embryonic stem cells,
adult stem cells generally only form a limited number of cell types corresponding to
their tissues of origin. These multipotent or unipotent adult stem cells exist in many,
though probably not all, adult tissues including bone marrow (BM), brain, spinal
cord, dental pulp, blood vessels, skeletal muscle, epithelia of the skin and digestive
system, cornea, and retina. “Multipotent” stem cells can generate several types of
cells within a given tissue (e.g., hematopoietic/blood forming stem cells), whereas
“unipotent” stem cells give rise to only one differentiated cell type (e.g., skeletal
muscle stem cells). Though adult stem cells exist at a very low frequency in adult
tissues, they serve a critical function in maintaining tissue homeostasis and gener-
ating replacement cells to repair tissues after injury. Here, we review the current
literature on adult stem cells and specifically highlight the regulation of multipotent
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hematopoietic stems cells in contrast with that of unipotent skeletal muscle stem
cells, as well as discuss their respective roles in tissue homeostasis and repair.

Introduction

The word somatic derives from the Greek soma, meaning “body.” Hence, somatic
cells are any cells forming the body of an organism and are distinct from germ line
cells — the spermatozoa and ova — which fuse during fertilization to produce the
zygote (Eilertsen et al. 2008; National Institutes of Health 2008).

Stem cells are unspecialized cells that can initiate a differentiation program to
generate more specialized cell types that perform particular tasks within tissues
(Garry et al. 2003; Giebel and Bruns 2008; Weissman 2000). The culmination of
these events is the production of somatic cells that ultimately are responsible for the
structure and function of adult tissues and organs. Stem cell differentiation is care-
fully regulated and only under proper conditions, which are often temporally and
anatomically regulated, do stem cells begin to develop into specialized tissues and
organs, ultimately forming and maintaining the soma (Sylvester and Longaker
2004; Naveiras and Daley 2006). Importantly, in addition to generating more spe-
cialized cells, stem cells also self-renew, dividing to give rise to more stem cells,
and thereby maintaining an undifferentiated stem cell pool (National Institutes of
Health 2008).

In general, stem cells are categorized based on their “potency” (i.e., the number
of different types of cells to which they give rise) (Donovan and de Miguel 2003).
Pluripotent stem cells, which include embryo-derived embryonic stem (ES) cells
and induced pluripotent stem cells (iPS) generated by viral transduction of somatic
cells, can form all cell types of the body (Byrne 2008; Kastenberg and Odorico
2008; Liu 2008; Vats et al. 2005; Ralston and Rossant 2005). It appears that “natu-
rally” pluripotent cells exist only at the earliest stages of embryonic development,
while stem cells in adult tissues generally form a more limited number of cell types,
which typically correspond to their tissues of origin (Byrne 2008; Kastenberg and
Odorico 2008; Liu 2008; Vats et al. 2005; Ralston and Rossant 2005). These multipotent
or unipotent stem cells exist in many, though probably not all, tissues. Tissues in
which adult stem cell populations have been identified include bone marrow (BM),
brain, spinal cord, dental pulp, blood vessels, skeletal muscle, epithelia of the skin
and digestive system, cornea, and retina. However in tissues such as liver and pan-
creas, the existence of a true stem cell population remains unclear (Vats et al. 2005;
Tiedemann et al. 2001; Saini and Stewart 2006; Choumerianou et al. 2008).
Multipotent stem cells can generate several types of cells within a given tissue (e.g.,
hematopoietic/blood forming stem cells), whereas unipotent stem cells give rise to
only one differentiated cell type (e.g., skeletal muscle stem cells).

Somatic stem cells, like embryonic stem cells, share at least two characteristics
(National Institutes of Health 2008). First, they can make identical copies of them-
selves for long periods of time. This ability is referred to as long-term self-renewal
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(Weissman 2000; Weissman et al. 2001; Claudinot et al. 2005). Second, they can
give rise to at least one mature cell type with characteristic morphology and special-
ized function. Typically, the initial differentiation of somatic stem cells generates
an intermediate cell type or types prior to producing fully differentiated cells. This
intermediate cell is called a progenitor cell. Progenitor cells in fetal or adult tissues
are partly differentiated cells that divide and give rise to fully differentiated cells.
These progenitor cells are usually regarded as strictly “committed” to differentiate
along a particular cellular development pathway and importantly have lost the
capacity to self-renew (Giebel and Bruns 2008; Weissman 2000; Vats et al. 2005;
Weissman et al. 2001; Gros et al. 2005; Bonner-Weir et al. 2004; Masson et al.
2006) (Fig. 1).

Adult stem cells are typically rare (Joseph and Morrison 2005). For example,
in the case of blood forming hematopoietic stem cells (HSCs), which reside pre-
dominantly in the BM in adult animals, only an estimated 1 in 100,000 cells is
actually a blood-forming stem cell (Yilmaz et al. 2006; Kiel et al. 2005). But,
despite their low frequency, stem cells serve a critical function in maintaining tis-
sue homeostasis and generating replacement cells to repair tissues after injury
(Broxmeyer et al. 2002; Bierkens et al. 1991; Fried et al. 1978; Cline and Golde

1978; Morrison et al. 1997).
/S'I‘EM CELL

STEM CELN / Q

(e.g. Hematopoietic
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Fig. 1 Distinguishing features of progenitor cells and stem cells. A highly diagrammatic version
of the hierarchy of stem cell self-renewal and differentiation. In a self-renewing division a stem
cell makes identical copies of itself, maintaining the primitive stem cell pool and the capacity for
long-term cell or tissue replenishment. Alternatively, stem cells divide and differentiate into the
mature cells of a given lineage that are necessary for tissue function. Differentiation is generally
accompanied by both changes in morphology and function that are distinguishable from stem cells
as well as a loss of self-renewal potential
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What Does It Means to Be an Adult Stem Cell?
Criteria for Defining Adult Stem Cell Populations

Unlike ES cells, which are defined by their anatomical origin (the inner cell mass
of the blastocyst) and potency (ability to generate all cell types in the body),
somatic stem cells are found in many different adult tissues and it remains unclear
if they share any defining anatomical constraints. The precise developmental
origins of adult stem cells in mature tissues are also largely opaque. It has been
proposed that stem cells are somehow set aside during fetal development and
restrained from differentiating.

Adult stem cells then, instead of being defined by anatomical location, are
defined by their concordant capacity for self-renewal and differentiation throughout
the lifetime of an organism (Barker and Clevers 2007). This criterion, although
fundamental to the nature of a stem cell, can sometimes be challenging to prove
definitively in vivo. This is in part because it is difficult, particularly with respect
to human stem cells, to design experiments that allow the fate of candidate adult
stem cells to be defined and tracked in vivo over an individual’s lifetime.

Clonogenicity, or the ability of a single cell to proliferate independently to form
a colony, is one of the major properties commonly ascribed to stem cells. To be
consistent with properties of a true stem cell, the progeny of these clonogenic
progenitors should be able to completely reconstitute the mature cell types of the
stem cell tissue of origin. Therefore, clonogenicity is typically demonstrated by
showing that a single clone of a putative stem cell population can functionally
repopulate the corresponding tissue by using highly purified or enriched popula-
tions of a putative tissue-specific stem cell or by colony-forming assays (Jackson
et al. 2002).

Adult stem cells must also be able to give rise to fully differentiated cells that
have mature phenotypes, are fully integrated into the tissue, and are capable of
specialized functions that are appropriate for the tissue (Jackson et al. 2002). Stem
cell biology often exploits two characteristics: appropriate cell morphology and
demonstration that the resulting, differentiated cell types display surface markers
that identify them as belonging to the tissue. More stringent studies further demon-
strate that the differentiated cells that are derived from adult stem cells are truly
functional and that stem cell daughters are fully integrated into the differentiated
tissue in vivo and interact appropriately with neighboring cells. Strictly speaking,
the gold standard often employed for demonstrating stem cell function is engraft-
ment by a donor stem cell of an appropriate tissue to generate all of the daughter
cell types of that tissue, including renewal of the tissue-specific stem cell pool.

In order to fully characterize the tissue regenerative and self-renewal capabilities
of adult stem cells and, therefore, truly harness their potential, it is essential to
demonstrate that candidate stem cell populations have bona fide stem cell charac-
teristics and understand how these are regulated and maintained in various tissues.

In general, three experimental approaches are used to determine whether can-
didate adult stem cells give rise to specialized cells (Barker and Clevers 2007,
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Barker et al. 2007). Adult stem cells can be labeled in vivo, and then they and their
daughter cells can be tracked to determine cell fate potential and turnover time.
Stem cell labeling in some tissues has been achieved using the label retaining cell
(LRC) assay (Kiel et al. 2007). This technique exploits the fact that resident tissue
stem cells are typically quiescent and will retain a DNA synthesis label (such as
BrdU) for longer periods of time relative to their more differentiated daughters,
which divide more often during a follow-up “chase” period and therefore more
rapidly dilute the label. The LRC assay thus depends on the enrichment of stem
cells within those cells, retaining the label over a long period of time. In some stud-
ies, long-term LRCs do indeed overlap with undifferentiated stem cells (Claudinot
et al. 2005; Cotsarelis et al. 1990). However, this strategy generally does not label
stem cells exclusively (Kiel et al. 2007) and may fail to label some stem cell popu-
lations (Barker et al. 2007).

Candidate adult stem cells can also be isolated, labeled in vitro, and then trans-
planted into recipient hosts to determine whether they can functionally reconstitute
the cell types of a given tissue. Finally, candidate adult stem cells can be isolated,
grown in vitro, and manipulated by adding growth factors or introducing genes that
help determine what differentiated cell types they have the potential to yield. Such
in vitro assays are less compelling than in vivo strategies for defining the intrinsic
fate potential of putative stem cell populations, as differentiation potential can be
profoundly influenced by culture conditions, and physiological assays of cell function
are generally less available for cultured cells.

Another challenge in demonstrating that a particular cell population contains
only stem cells is that it can be difficult to distinguish adult, tissue-specific stem
cells from progenitor cells, which are also found throughout fetal or adult tissues.
This is partially because progenitor cells are often more prevalent than true stem
cells, which typically exist in a given tissue at a very low frequency. However,
unlike stem cells, progenitor cells lack long-term self-renewal capacity and,
particularly in comparison to multipotent stem cells, exhibit a more limited repertoire
of differentiation potentials.

Adult Stem Cell Plasticity

There has been much debate centered on the question of whether stem cells in one
adult tissue can generate the specialized cell types of another type of tissue, either
a tissue derived from the same embryonic germ layer or from a different germ layer.
For example, some previous studies have suggested that blood stem cells (derived
from mesoderm) may be able to generate skeletal muscle (also derived from meso-
derm) or neurons (derived from ectoderm) in addition to their well-established
primary role in blood cell generation (Saini and Stewart 2006; Jackson et al. 2002;
Huttmann et al. 2003; Horwitz 2003). The hypothesis that a stem cell from one tissue
may “transdifferentiate” to form the differentiated progeny of another tissue has been
referred to as stem cell plasticity. The implication that stem cells may transdifferentiate
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triggered a flurry of research, which in the end has provided very limited evidence
for such “plasticity” events. In fact, numerous studies (Durr and Muller 2003;
Lemoli et al. 2005; Phinney and Prockop 2007; Rovo and Gratwohl 2008) have
demonstrated that stem cell transdifferentiation does not occur in vivo at physio-
logically meaningful levels; observations of apparent stem cell plasticity appear
instead to reflect rare cell-cell fusion events or contamination of putative stem cell
populations by itinerant cells circulating through a given tissue (Lemoli et al. 2005).

To date, despite many challenges, true adult stem cells have been identified in
many different animals and in a variety of human tissues. As discussed, in order to
be classified as an adult stem cell, there are many criteria, most importantly, that
the cell should be capable of self-renewal and differentiation for the lifetime of the
organism. One of the most well-studied and well-defined adult stem cell popula-
tions is the blood forming (or hematopoietic) stem cell, which provides homeostatic
and regenerative replacement of all blood cell lineages.

Hematopoietic Stem Cells: The ‘“Model” of Somatic Stem Cells
Embryonic Origins

In adults, hematopoiesis, which leads to the generation of all blood cell lineages, is
maintained homeostatically by a rare population of multipotent HSCs found in the
BM. In vivo, blood cells turn over on a daily basis. Thus, in order to continuously
maintain blood cell homeostasis, there is a constant need for generation of HSCs in
the BM where they differentiate to generate progenitor cells that ultimately produce
mature types of blood cells (Weissman 2000; Weissman et al. 2001). How do HSCs,
or other adult somatic stem cells, maintain the critical balance between self-renewal
and differentiation necessary to maintain tissue homeostasis and support regeneration
and repair, without depletion of the stem cell pool? Moreover, what is the embryonic
origin of these primitive cells and are the same embryonic origins shared with those
primitive stem cells that remain in adult tissues?

During embryogenesis, HSCs migrate through different anatomical sites that
likely impart unique cues to the cells as they transition through different develop-
mental stages (Cantor and Orkin 2001; Mikkola et al. 2005). In vertebrate
development, distinct waves of hematopoietic activity (Lux et al. 2008; Palis et al.
1999) are believed to contribute to the generation and maintenance of precursors
that seed both embryonic and adult hematopoiesis. Experiments probing the devel-
opment of HSCs strongly suggest that blood cells are sequentially generated in
several distinct sites (Cumano et al. 1996; Godin et al. 1995; Dieterlen-Lievre et al.
2002; Medvinsky and Dzierzak 1996; Yoder et al. 1997a, 1997b): the yolk sac (Lux
et al. 2008; Yoder et al. 1997a, 1997b), the aorta-gonad-mesonephros (AGM)
region (Cumano et al. 1996; Godin et al. 1995; Dieterlen-Lievre et al. 2002;
Medvinsky and Dzierzak 1996), and the placenta (Mikkola et al. 2005; Medvinsky
and Dzierzak 1996; Kumaravelu et al. 2002).
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In mice, morphologically distinct primitive blood cells are first identifiable in
the blood islands of the yolk sac at E7.5 (Yoder et al. 1997a, 1997b). The fetal liver
is colonized by hematopoietic cells on E10.5 and thereafter becomes the principal
site of fetal hematopoiesis (Houssaint 1981). The fetal thymus and spleen are also
seeded by HSCs around the same time, E10.5 and E12.5, respectively (Palis et al.
1999; Cumano and Godin 2001; Godin et al. 1999; Dieterlen-Lievre et al. 1997,
Robertson et al. 1999). Ultimately, the BM, which shortly after birth becomes the
major site for blood production and source of long-lived adult HSCs, is colonized
by fetal liver derived HSCs around E15 (Cumano and Godin 2001).

The term primitive hematopoiesis is given to the first yolk sac derived erythroid
lineage and definitive hematopoiesis is applied to all lineages other than primitive
erythroid (Palis et al. 1999; Robertson et al. 1999). However, while the yolk sac is
generally accepted to be the source of primitive hematopoietic cells, the identification
of the initial site of definitive hematopoiesis remains controversial, as does the
origin of the HSCs, which ultimately are retained in adult tissues and give rise to
all the adult blood lineages (Orkin and Zon 2008).

Recently, the emergence of fetal HSCs in the placenta, coincident with those
seen in the AGM and yolk sac and preceding the seeding of HSCs in the fetal liver
or circulating blood, has been demonstrated. While the onset of HSC activity in the
placenta parallels the emergence of HSCs in the AGM (E10.5) (Cumano et al. 1996;
Godin et al. 1995; Dieterlen-Lievre et al. 2002; Medvinsky and Dzierzak 1996),
placental HSCs continue to expand until E13.5 and contain approximately 15-fold
greater numbers of HSCs than the AGM. In fact, in studies performed in mice, the
placental HSC pool exceeds in number the pool of HSCs in all other fetal
hematopoietic organs other than the fetal liver (Mikkola et al. 2005; Kumaravelu
et al. 2002). These data clearly indicate that the placenta has an important role in
establishing hematopoiesis in mammals.

Although the final outcome of their differentiation—the generation of erythroid,
lymphoid and myeloid lineages—is similar, fetal-derived hematopoietic precursor
cells of various origins such as the yolk sac, AGM, or fetal liver differ from one
another and from the adult HSCs of the BM. For example, the stem cells of the
early mouse yolk sac express no histocompatibility antigens (major histocompati-
bility complex [MHC] class I or II), stem cell antigen (Sca-1), or CD45 (Ly5), but
do express high levels of the adhesion molecule CD44, the heat stable antigen
(HSA), and an epitope detected by antibody AA4.1 (Liu and Auerbach 1991;
Waller et al. 1995a, 1995b; Liu et al. 1994). Stem cells of the fetal liver express
MHC class I and II, but at a lower level than stem cells in the BM (Dieterlen-Lievre
1997). Like yolk sac and unlike BM, they exhibit high levels of HSA and the AA4.1
antigen, but unlike yolk sac stem cells they express both CD45 and Sca-1 (Waller
et al. 1995a, 1995b; Ikuta and Weissman 1992).

Interestingly, not only are embryonic hematopoietic precursors derived from the
yolk sac, AGM, or fetal liver different phenotypically (based on surface marker
expression), they also display distinct differences in their differentiation potential
within their anatomical location, suggesting that microenvironmental factors play
an important role in controlling stem cell fate during development. Extrinsic control



64 K.Y. Tan et al.

of stem cells via their microenvironment is an important regulatory mechanism that
is carried over into other adult stem cell populations and acts at several levels of
hematopoietic differentiation.

Adult Hematopoietic Stem Cells and Regulation
of Hematopoiesis

During steady state hematopoiesis in adults, the HSC population is actually relatively
quiescent, and this quiescent state has been correlated with maintenance of stem
cell self-renewal (Bradford et al. 1997; Cheshier et al. 1999). For example, previous
studies have demonstrated that among HSC, cells in the GO or G, phase of the cell
cycle (2N DNA content) exhibit enhanced capacity for radioprotection and for
long-term multilineage reconstitution when compared with cells in the more highly
proliferative S or G,/M phase of cell cycle (>2N DNA content) (Fleming et al.
1993; Eaves et al. 2001; Glimm and Eaves 1999; Glimm et al. 2000, 2001), directly
leading to the notion that cellular quiescence may promote HSC engraftment function
(Venezia et al. 2004; Cashman et al. 2002).

At a low but constant frequency, however, some HSCs are signaled to enter the
cell cycle and either self-renew or give rise to a hierarchy of differentiating progenitor
populations. These progenitors then undergo a massive proliferative expansion,
which is required to replenish and maintain a fully replete blood system on a daily
basis (Weissman 2000; Weissman et al. 2001). Though the precise lineage relation-
ship among primitive hematopoietic populations has recently become a topic of
some debate (and will be discussed more thoroughly elsewhere in this book), it is
generally agreed that HSCs give rise to all of the mature blood lineages through
complex production of a series of more differentiated intermediate cells.

An important aspect of adult HSCs is the ability to not only homeostatically
maintain blood cell production, but to also respond efficiently to regenerate the
blood in response to hematological stressors such as blood loss, infection, or expo-
sure to cytotoxic agents. These agents generally induce expansion of the HSC
population, primarily via an increase in the number and frequency of self-renewing
divisions (Morrison et al. 1997; Wright et al. 2001). Thus, HSC proliferation must
be highly adaptive to ensure both a durable production of differentiated progenitor
populations and extensive, self-renewing proliferation during the increased demand
for blood cell production that occurs during hematological stress.

In order to maintain a self-renewing stem cell pool and more mature progenitors,
HSCs are faced not only with a decision to remain quiescent or to divide, but also
at each cell division with the choice to self-renew or differentiate (Weissman 2000;
Weissman et al. 2001; Cheung et al. 2006). Precise control of blood cell production
requires a system of elegantly controlled triggers that signal the appropriate regula-
tion of cell cycle progression and the ultimate fate of a given cell cycle event, which
could be either a self-renewing proliferative event or one that leads to differentiation
of an HSC into either an erythroid, myeloid, or lymphoid cell. Knowledge of the
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signaling networks that play a fundamental role in controlling the proliferation and
fate of HSCs is essential to understand their function in maintaining long-term
blood cell production. Though the detailed molecular events controlling prolifera-
tion and fate of HSCs are unclear, they are likely to be critically dependent on
myriad complex cell-intrinsic and -extrinsic factors that collectively converge to
regulate cell cycle. Therefore, cell cycle arguably stands as a critically important
regulator of HSC function and will be the focus of our discussion. A number of addi-
tional important regulators of HSC function are discussed elsewhere in this book.

Cell Cycle Regulators in Controlling Hematopoietic
Stem Cell Function

Because of the importance of controlling cell cycle events and proliferation in the
regulation of HSC fate and function, many studies have investigated the contribu-
tion of specific components of the cell cycle machinery to various phases of HSC
cell cycle and initiation of proliferation. Not surprisingly, both positive and negative
regulators of the cell cycle machinery have been shown to be critical for various
aspects of HSC and/or hematopoietic progenitor proliferation, including the Ckis
p21, p27, pl6, and pl8 (Cheng et al. 2000a; Yu et al. 2006; Yuan et al. 2004;
Passegue et al. 2005) and the D-type cyclins and their catalytic partners Cdk4-6
(Kozar et al. 2004; Malumbres et al. 2004). Several studies have analyzed the pro-
liferation rates and distribution of cell cycle components in subsets of hematopoi-
etic cells, linked or not linked to engraftment function (Fleming et al. 1993; Eaves
et al. 2001; Glimm and Eaves 1999; Glimm et al. 2000, 2001; Venezia et al. 2004;
Wagers 2008; Brack et al. 2007, 2008; Steinman 2002). These studies include mul-
tiple investigations employing gene expression arrays to define the global status of
the cell cycle machinery in HSC and how expression of these factors change and
potentially control stem cell function and fate (Passegue et al. 2005). In these inves-
tigations, the population of HSCs that displays the highest levels of engraftment
capacity over the longest period of time (referred to as long-term HSC; LT-HSC)
expressed the highest levels of most of the Ckis and the lowest levels of most of the
cyclins. Differentiation of LT-HSCs into those cells that have a reduced, short-term
engraftment capacity (ST-HSC), and then ultimately into even more differentiated
multipotent progenitors, specifically correlated with increased expression of cyclin
D1, whereas the expression of the other members of the D cyclin family did not
change. Notably, multipotent progenitor differentiation was also accompanied by a
decrease in the expression of at least four Ckis (p16, p18, p27, and p57) and with a
specific increase in the expression of two mitotic cyclins: cyclin G2 and cyclin Bl
(Passegue et al. 2005) (Fig. 2).

As mentioned, one hallmark of HSCs is their ability to rapidly proliferate in
response to hematopoietic stressors, for example, myelosuppression, chemotherapy,
or BM transplantation, in order to quickly generate progenitors as well as additional
stem cells, which then rapidly return to a steady-state quiescence (Rosendaal et al. 1981;
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Fig. 2 Summary of changes in cell cycle machinery from long-term hematopoietic stem cells
(LT-HSCs) to multipotent progenitor cells (MPPs). Multiple cell cycle factors control the prolif-
eration status and phase of the cell cycle of HSCs and progenitors. Distinct changes in some cell
cycle regulators (summarized in text and shown here as downregulated (V) or upregulate (/M) are
specifically associated with differentiation, self-renewal, long-term reconstitution capacity and
mobilization in HSCs and MPPs

Dixon and Rosendaal 1981). Proliferation in response to hematopoietic stress is
thought to directly mimic the expansion of HSCs, which occurs naturally in vivo,
and, therefore, understanding the molecular control of this process could provide
substantial insight into the regulation of hematopoietic proliferation and stem cell
fate. Thus, in parallel to the studies highlighted above, investigators have similarly
studied the changes in cell cycle machinery that occur in response to activating
triggers that induce HSC cell division, such as treatment with cytotoxic agents and
cytokines such as cyclophosphamide and granulocyte colony-stimulating factor
(Cy/G) (Morrison et al. 1997; Wright et al. 2001; Neben et al. 1993).

Treatment with a combination of Cy/G is a common therapeutic regimen used
in human clinical transplantation to increase the numbers of HSCs available in the
peripheral blood, a process called hematopoietic stem cell mobilization. In mice
and humans, Cy/G treatment promotes HSC self-renewing proliferation in the BM



Hematopoietic Stem Cells and Somatic Stem Cells 67

(Morrison et al. 1997; Wright et al. 2001; Neben et al. 1993). In fact, after
administration of Cy followed by two daily doses of G (D2 Cy/G treatment), the
BM HSC population dramatically expands, reaching 2—12 times the size of the
HSC pool in untreated animals. These proliferating and self-renewing HSCs, when
analyzed for changes in cell cycle, exhibited a substantial increase in the frequency
of cells in S-G2/M phase and discrete alterations in regulatory and core components
of the cell cycle machinery. Self-renewing proliferation in mobilized BM HSCs
specifically correlated with an induction of cyclin D3 expression, while, conversely,
cyclin D2 levels actually decreased and cyclin DI levels remained constant.
Mobilized BM HSCs also displayed reduced levels of all Ckis except for p21,
which was increased (Passegue et al. 2005).

The functional importance that cell cycle regulators have on physiological
hematopoiesis has been confirmed for multiple cell cycle factors by assessing the
effects of genetic loss of function within the hematopoietic stem cell pool. Analyses
of p21 and p18 knockout mice have demonstrated their critical functions in maintaining
normal numbers of resting LT-HSCs capable of long-term engraftment and multi-
lineage reconstitution (Cheng et al. 2000a, 2000b; Yuan et al. 2004), though the
importance of these particular regulators may exhibit some strain-specificity in
inbred mice (Cheng et al. 2000a, 2000b; Yuan et al. 2004). In contrast, p27-deficient
mice exhibit normal HSC functions but show increased numbers of progenitor cells
(Byrne 2008), whereas p16-deficient animals develop thymic hyperplasia (Sharpless
etal. 2001) and p19- or p57-deficient mice show no overt hematopoietic abnormali-
ties (Zhang et al. 1997; Zindy et al. 2000). These results suggest that distinct Cki
proteins are critical for HSC function and control proliferation in discrete subsets of
differentiating hematopoietic cells.

In addition to cell cycle machinery proteins, many other molecules, including
multiple soluble/growth factors and cytokines, transcriptional regulators, and cell
adhesion molecules, have been implicated in the intrinsic regulation of HSC function.
The important roles for molecules such as Wnt/B-catenin (Eaves 2003; Rattis et al.
2004; Staal and Clevers 2005), Rb (Walkley et al. 2007), Bmi-1 (Park et al. 2003),
HoxB4 (Giampaolo et al. 1995; Helgason et al. 1996; Lawrence et al. 1996;
Sauvageau et al. 1995; Thorsteinsdottir et al. 1997), PU.1 (Dakic et al. 2005;
Iwasaki et al. 2005), and SDF-1/CXCR4 (Voermans et al. 2001; Christensen et al.
2004) are discussed in detail in other chapters of this book.

Extrinsic Regulation of Hematopoietic Stem Cells

The regulation of stem cell self-renewal and differentiation is clearly crucial for
normal hematopoietic function. A powerful concept of stem cell regulation that has
received more attention recently and that organizes a number of important aspects
of HSC regulation, including that of cell cycle control, is that of the stem cell niche
as a determinant of stem cell activity (Jones and Wagers 2008; Martinez-Agosto
et al. 2007; Calvi et al. 2003).
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A niche is a distinct microenvironment that contributes to the regulation and
maintenance of stem cell function. The concept of the niche was originally
described by Schofield (1978), who posited that stem cells reside within fixed
compartments, or niches, that are conducive to the maintenance of stem cell function.
Therefore, a stem cell niche represents a defined anatomical compartment that
provides signals to stem cells in the form of secreted and/or cell surface molecules
to control stem cell proliferation, determine stem cell fate, and protect stem cells
from exhaustion or death (Wilson and Trumpp 2006; Doetsch 2003; Kiel and
Morrison 2006, 2008).

The specific cell types and factors involved in the extrinsic regulation of HSCs
by their niche is being pieced together through complementary genetic and cell
biological studies (Wilson and Trumpp 2006; Doetsch 2003; Kiel and Morrison
2006, 2008). In light of the importance and excitement centered around definitive
studies of the HSC niche, both during homeostatic (Kiel et al. 2005; Wilson and
Trumpp 2006) and regenerative hematopoiesis (Mayack and Wagers 2008; Adams
and Scadden 2008), as well as parallels that might exist in the regulation of other
somatic stem cell populations, an entire chapter of this book is dedicated to discussing
the hematopoietic stem cell microenvironment.

Briefly, however, a number of recent studies have made progress toward the in
situ localization of HSCs, and they indicate that HSCs can be found adjacent to
both osteoblastic cells and endothelial cells in normal bone and that both these cell
types contribute to the formation of the HSC niche (Kiel et al. 2005; Calvi et al.
2003; Wilson and Trumpp 2006; Mayack and Wagers 2008; Yin and Li 2006; Arai
and Suda 2007; Porter and Calvi 2008). These initial studies thus implicate at least
two cell types—bone derived osteoblasts and sinusoidal endothelial cells—as com-
ponents of the HSC niche. This work has been followed by a series of studies that
have further defined the cellular interactions between niche cells and HSCs and
have identified a number of niche specific factors that are involved in regulating
HSCs during both homeostatic and regenerative blood cell production. These
niche-derived HSC regulatory factors include Tie2/Angiopoietin (Moore and
Lemischka 2004; Arai et al. 2004), Notch/Jagged (Calvi et al. 2003; Gering and
Patient 2008), PTH/PTHrP (Kronenberg 2007), Wnt/B-catenin (Rattis et al. 2004;
Staal and Clevers 2005), and the SDF-1/CXCR4 signaling axis (Voermans et al.
2001; Christensen et al. 2004; Watt and Forde 2008; Dar et al. 20006).

Other Types of Somatic Stem Cells

HSCs, described above, were the first somatic stem cells to be isolated, and studies
of these cells have provided many paradigms for the identification and analysis of
stem cells in other adult tissues. Indeed, stem cells have now been identified and
isolated from many other somatic tissues, and within these tissues too, stem cell—
specific niches are essential in controlling stem cell activity. Yet, the demand for
homeostatic and regenerative cell replacement clearly differs in distinct tissues, and
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these differences are reflected by variations in the fate potential and regulatory
mechanisms of the stem cells that seed them.

Non-hematopoietic Stem Cells

In contrast to multipotent HSCs, some tissues are maintained by unipotent stem
cells, which have a more restricted cell fate potential. Unipotent stem cells, such as
those that maintain and repair the skeletal muscle, differentiate to produce only one
mature specialized cell type (e.g., muscle fibers). Here we explore three different
nonhematopoietic somatic stem cells (germ line stem cells [GSCs], interfollicular
epidermal stem cells, and skeletal muscle stem cells), illustrating the similarities
and differences that control their stem cell function.

Drosophila Male Germ Line Stem Cells

The Drosophila male GSC is one of the best understood examples of how cell fate
is determined upon division of a unipotent stem cell and how this regulation is
established by the stem cell niche (Gonczy and DiNardo 1996; Merida et al. 2008;
Dansereau and Lasko 2008). In adult flies, around seven to nine GSCs lie at the
apical tip of the testis, surrounding a group of somatic cells called a hub. This hub
constitutes the male GSC stem cell niche.

Signals from the hub orient GSC division, ensuring that the spindle of a dividing
GSC is always oriented perpendicular to the hub (Merida et al. 2008; Dansereau
and Lasko 2008). This stereotypical anatomy sets up a situation in which a dividing
GSC gives rise to one daughter cell that remains in contact with the hub and another
cell that is displaced away from the hub. The daughter that maintains contact with
the hub maintains stem cell identity, and while the displaced daughter initiates differ-
entiation as a gonialblast, it undergoes four mitotic divisions to form clusters of
interconnected spermatogonia cysts. These cysts then undergo terminal differentiation
to form spermatocytes (Fig. 3).

How the Niche Determines Stem Cell Number

GSCs maintain cell polarity throughout the cell cycle, as their centrosome is con-
sistently located in the region of the cell adjacent to the hub (Wallenfang and
Matunis 2003; Takada et al. 2003). During mitosis, the centrosome duplicates, and
pulse-chase experiments show that the mother centrosome is preferentially retained
at the GSC-hub interface, whereas the daughter centrosome migrates away to the
opposite side of the cell. This ensures that upon cell division one daughter cell
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Fig. 3 Hub cells act as a stem cell niche for Drosophila male germline stem cells (GSCs). GSCs
(green) surround a cluster of postmitotic somatic cells known as the apical hub (red), which act as
a stem cell niche. GSCs divide asymmetrically, with the plane of division such that only one
daughter cell will remain in contact with the hub and retain stem cell identity. The other daughter
cell loses contact with the hub and forms a gonialblast (blue), which will differentiate further into
spermatogonia

remains in contact with the hub and maintains stem cell identity, while the other
daughter cell starts to differentiate in the absence of interactions with the hub.

Using powerful fly genetics, many of the molecular effectors of asymmetric cell
division in the Drosophila testis have been identified. Centrosomin (cnn) is an
integral centrosomal protein required to anchor astral microtubules to centrosomes
(McCartney and Peifer 2003; Yamashita and Fuller 2005). In cnn mutants, spindle
orientation is essentially randomized, and GSC divisions occur in both daughter
cells, which remain in contact with the hub. In this situation, both daughter cells
retain stem cell identity, resulting in a 20%—-30% increase in the number of GSCs
in cnn mutants compared to wild-type flies. Further increases in GSCs in cnn flies
are probably prevented by the finite space available around the hub.

DE-cadherin and B-catenin co-localize at the hub-GSC interface, and this struc-
ture has been suggested to serve as a platform for binding the Drosophila homolog
of adenomatous polyposis coli (Apc2) (McCartney and Peifer 2003). Apc2 also
localizes to the hub-GSC interface. Since APC proteins interact with both B-catenin
and with microtubules, Apc2 may effect spindle orientation in GSCs. Indeed, apc2
mutants show phenotypes similar to cnn mutants, including misoriented spindles
and an increase in GSCs around the hub.
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How the Niche Determines Stem Cell Identity

Hub cells express Upd, which acts over short distances to activate Janus kinase-signal
transducer and activator of transcription (Jak-STAT) signaling in GSCs adjacent to
the hub. Jak-STAT signaling is required to maintain GSC identity, as loss of function
of either the Jak component hopscotch (hop) or the STAT homolog, Stat92E, causes
aloss of GSCs due to inappropriate differentiation (Tulina and Matunis 2001; Kiger
et al. 2001). Conversely, upregulating Jak-STAT signaling via overexpression of
Upd causes an increase in GSC number in the testis, with GSCs found even more
distant from the apical hub. This block in GSC differentiation results in decreased
differentiating spermatogonia and thus impairs spermatogenesis. Strikingly, Jak-STAT
signaling can cause dedifferentiation of transit-amplifying spermatogonia. At restrictive
temperatures, GSCs containing a temperature-sensitive allele of stat92E start to
differentiate, such that all cells contacting the hub form spermatogonia. However,
restoration of Jak-STAT signaling by shifting the flies back to a permissive temperature
causes spermatogonia adjacent to the hub to bud off from interconnected 8- or 16-cell
cysts and reacquire GSC fate.

Interfollicular Epidermis

In contrast to Drosophila GSCs, the interfollicular epidermal stem cell niche has not
been as well identified. Also, it has been difficult to isolate these stem cells prospec-
tively. However, there is robust demonstration of functional stem cell activity when skin
biopsies are taken to grow large sheets of epidermal cells for grafting, indicating the
presence of interfollicular epidermal stem cells (Reynolds and Jahoda 1991; Janes et al.
2002; Niemann and Watt 2002; Watt 2002; O’ Shaughnessy and Christiano 2001).

Adult skin epithelium consists of a diverse array of cell types, including stratified
epidermis (also called interfollicular epidermis, IFE), hair follicles, and sebaceous
glands. In contrast to the other tissues discussed in this chapter, several sources of
stem cells potentially contribute to maintenance of the epidermal layer.

Multipotent Bulge Cells Do Not Normally Contribute to IFE

A region at the base of the sebaceous gland in the hair follicle, known as the bulge,
contains stem cells that normally divide to form the various cell types that make up
the hair follicle. These bulge cells retained their label after a bromodeoxyuridine
(BrdU) pulse-chase, indicating that they cycle slowly, a property often associated
with stem cells (Cotsarelis et al. 1990). Transplantation studies with clonal analysis
have shown that these bulge stem cells are multipotent and can regenerate a complete
new hair follicle containing self-renewing bulge stem cells as well as sebaceous
glands and IFE. Under physiological conditions, the hair follicle cyclically degenerates,
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Fig. 4 Interfollicular epidermal stem cells maintain the epidermal layer. The interfollicular epi-
dermis (IFE) consists of stacks of terminally differentiated keratinocytes on the outer surface,
lying on a layer of basal cells. The basal cells consist of stem cells (yellow) and downstream
transit-amplifying cells (blue). The transit-amplifying cells differentiate into keratinocytes, and
then into squames, which slough off regularly

with the bulge stem cells emerging from a generally quiescent state to proliferate
and regenerate the follicle. The bulge stem cell also regenerates the sebaceous
gland after injury and has the potential to form IFE.

Under normal conditions, however, the bulge appears to contribute little to the IFE
(Claudinot et al. 2005; Ito et al. 2005). This is supported by the fact that palmoplantar
skin lacks hair follicles entirely but can regenerate and maintain epidermal homeosta-
sis normally. Instead, most epidermis appears to be maintained by a basal layer of
epidermal progenitor cells, or interfollicular epidermal stem cells. The IFE consists of
stacks of terminally differentiated keratinocytes on the outer surface, lying on a layer
of basal cells. The basal cells constitute the progenitor/stem cell population of IFE and
continually divide throughout the lifetime of the organism to replenish the outer layer
of keratinocytes, which are continuously sloughed off (Fig. 4). Lineage-tracing experi-
ments show that these epithelial proliferative units (EPUs) can be maintained for
prolonged periods of time, supporting the idea that basal cells are stem cells. Indeed,
culture conditions for human IFE stem cells were defined in 1975 (Janes et al. 2002;
Rowden et al. 1975; Rheinwald and Green 1975a, 1975b), leading to the routine use
of autologous cultured skin grafts in the clinic to treat burn victims.

Unipotent Stem Cells in Clinical Therapies

Human epidermal cells can be isolated from a small skin biopsy and cultured on a
feeder layer of 3T3 cells. Some of these cells form highly proliferative colonies that
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can be subcultured to generate sheets of epithelia. These epithelial sheets can be
grafted onto wound sites, providing a permanent and self-renewing epidermis.
Confirming the unipotency of the IFE stem cell, this new epidermis can participate
in normal wound healing, but does not contain hair follicles or sebaceous glands.

Current models of epidermal homeostasis maintain that a self-renewing popula-
tion of interfollicular epidermal stem cells differentiates to form transit-amplifying
cells, which terminally differentiate after several rounds of cell division. However,
in a recent study, Clayton et al. (2007) used inducible genetic labeling to analyze tail
epidermis of adult mice, and the resulting size distributions of clusters of labeled
cells with time fit a mathematical model where epidermis is maintained by a single
type of progenitor cell. This cell can divide symmetrically or asymmetrically (as
determined by staining labeled cells for cell cycle markers, as well as observed in
asymmetric distribution of Numb in daughter cells). Such studies raise the possibility
that normal tissue maintenance may rely on multiple modes of regeneration, calling
into play cells of distinct developmental potency and proliferative potential.

Skeletal Muscle Stem Cells

Skeletal muscle regeneration in adults is mediated by myogenic precursor cells,
contained within a population of muscle fiber-associated satellite cells. Satellite
cells are mononucleated cells located between the basal lamina and the sarcolemma
of multinucleated myofibers. Upon muscle injury, myogenic precursor cells (mus-
cle stem cells) that reside in the satellite cell compartment proliferate and either
form new myotubes or fuse with existing myotubes to repair the injured tissue.
These cells also self-renew to maintain the muscle stem cell pool (Fig. 5).
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Fig. 5 Satellite cells are mononucleated cells located between the basal lamina and the sarco-
lemma of multinucleated myofibers. Upon muscle injury, muscle stem cells that reside in the satel-
lite cell compartment proliferate and form myoblasts (Mb) that either form new myotubes (Mt) or
fuse with existing myotubes, repairing the injured tissue. These cells also self-renew to maintain
the muscle stem cell pool
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Heterogeneity of the Muscle Satellite Cell Compartment

The satellite cell compartment contains a heterogeneous mix of cell types; in addition
to putative muscle stem cells, it contains cells derived from the mesenchymal and
hematopoietic lineages (including infiltrating inflammatory and immune cells), as
well as more differentiated myoblasts that do not self-renew.

Single myogenic precursor cells isolated from the satellite cell compartment can
proliferate and differentiate into multinucleated myotubes in vitro. Furthermore,
transplantation of satellite cells into mouse muscle can regenerate both myofibers
as well as the associated satellite cells, with long-term persistence and participation
in repeated rounds of regeneration in response to additional muscle injury (Collins
et al. 2005; Kuang et al. 2006; Cerletti et al. 2008). Moreover, irradiation experi-
ments, which impair satellite cell proliferation in response to muscle damage
(Morgan et al. 1990), strongly suggest that these cells are required for normal
muscle repair. Thus, the satellite cell compartment contains stem cells capable of
self-renewing and differentiating to form myotubes.

Satellite cells display a range of cell surface markers, different potentials for
self-renewal, and differences in differentiation potential both along myogenic and
nonmyogenic lineages. Immune cells can infiltrate beneath the basal lamina and
populate the satellite cell compartment, both in the presence and absence of injury.
Although some studies have suggested multipotency among muscle-forming satellite
cells, cell isolation and transplantation studies indicate that nonmyogenic activities
(i.e., fibrogenic, osteogenic, or adipogenic) of skeletal muscle satellite cells instead
arise from distinct populations of cells that cohabit the satellite cell niche (Asakura
et al. 2001; Seale et al. 2001). Other satellite cells have been shown to express
markers of osteocytes or adipocytes, rather than those of muscle, and do not display
appreciable myogenic capacity in vitro or in vivo. The balanced representation and
complex interplay of these distinct cell lineages within the muscle may be critical
for proper muscle homeostasis and regenerative activity.

Contribution of Other Cell Types to Muscle

A variety of nonmuscle lineage cell types have been reported to contribute to
muscle formation. Transplanted HSCs have been reported to engraft muscle at low
frequency (Gussoni et al. 1999), but this phenomenon appears to result from fusion
of HSC-derived circulating myeloid cells with existing host myofibers, and there is
no evidence for extensive repair or reconstitution of the satellite cell compartment
from HSCs (Wagers et al. 2002). This poor muscle regenerative activity of blood
lineage cells contrasts with satellite cells, where transplantation of as few as seven
muscle fiber—associated satellite cells can generate over a hundred new myofibers,
as well as vigorously self-renew to repopulate the host muscle with new satellite
cells (Collins et al. 2005).
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Another cell type currently being studied in the context of therapeutic muscle
regeneration is the blood vessel—associated mesangioblast, a subset of blood vessel—
associated cells originating from the embryonic dorsal aorta region. These cells
contribute to multiple mesodermal tissues (including skeletal muscle) when trans-
planted into a chick embryo (Minasi et al. 2002). When mesangioblasts are injected
into dystrophic mice or dogs, they can contribute to myotube formation and signifi-
cantly improve muscle function (Sampaolesi et al. 2003, 2006). An advantage in
this case is the amenability of these cells for systemic transplant.

Despite their capacity for myogenic contributions under certain experimental
conditions, it is unlikely that these other cell types contribute to physiological main-
tenance and repair of muscle. Under pathological conditions, such as acute or sys-
temic injury, such cells might be able to contribute to myotube formation and
functional recovery. However, it is probable that long-term repair and maintenance
of the injured muscle will require reconstitution of the satellite cell compartment,
and there have been few examples of transplanted nonmyogenic cells reconstituting
myogenic precursors in the satellite cell compartment. One report claimed that
cultured outgrowths from adult human synovial membrane contribute to the satellite
cell compartment when transplanted into the skeletal muscle of immunocompromised
nude mouse (De Bari et al. 2003); however, the cells may represent a mixed popula-
tion, and the identity of the myogenic subpopulation is yet unknown.

Stem Cell Markers

Most satellite cells express the paired box transcription factor Pax7, which is essential
for maintenance of the satellite cell compartment. Pax7-null mice are born with
skeletal muscle and a near-normal level of satellite cells, but Pax7-null satellite
cells are progressively lost, likely via cell death, and as a result, Pax7-null mice
exhibit defective skeletal muscle regeneration, progressive muscular dystrophy, and
premature death (Kuang et al. 2006; Olguin and Olwin 2004; Seale et al. 2000;
Zammit et al. 2006a, 2006b). Hence, Pax7 appears to be important although based on
recent studies not absolutely required for the maintenance of satellite cells while the
specification of satellite cells is Pax7 independent.

The myogenic population of satellite cells can express markers of quiescent
satellite cells, such as Pax7, as well as markers such as MyoD and Myf-5, which
are upregulated upon differentiation. Expression of Pax7 and MyoD reflects distinct
stages of activation of myogenic precursor cells. Interestingly, upon injury, myo-
genic precursor cells can upregulate both Pax7 and MyoD expression. Some of
these Pax7* MyoD~ cells subsequently downregulate Pax7 expression to differentiate,
while others downregulate MyoD expression, return to a quiescent state, and maintain
satellite cell identity (Zammit et al. 2006a).

In mice, we recently identified a subset of satellite cells called skeletal muscle
precursors (SMPs) that exhibit stem cell properties (ability for self-renewal and dif-
ferentiation) (Cerletti et al. 2008). SMPs are discriminated via a combination of
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surface markers (CD45~ Scal- Macl- CXCR4* Bl-integrin*, abbreviated CSM4B)
and can be isolated from neonatal and mature muscle by flow cytometry. These cells
express Pax7, are able to both self-renew and differentiate to form myotubes in vitro
and in vivo, and exhibit extensive, functional engraftment activity of up to 94% when
transplanted into diseased adult muscle. Engraftment of wild-type SMPs also restores
functional capability of the repaired muscle. Furthermore, transplanted SMPs self-
renew and reconstitute the muscle stem cell population and can be reisolated from the
recipient animal for serial transplantation, hence demonstrating in vivo self-renewal.

Origin of Skeletal Muscle Stem Cells

The dorsal cells of the somite in the embryo form the dermomyotome, which gives
rise to the dermis and myotome. As the somite matures, cells at the edges or lips of
the dermomyotome start to express myogenic regulatory factors (Myf5 and MyoD),
marking them as myogenic precursor cells. The Pax3 gene has been identified as
an important regulator of this process; Pax3 expression induces expression of Myf5
in the somite (Bajard et al. 20006). After their specification, Pax3* myogenic precur-
sors delaminate and migrate ventrally to form the myotome, the first differentiated
skeletal muscle of the embryo. Some myogenic precursors at the limb-level somites
also migrate from the dermomyotome into developing limb buds and later form
limb muscle. A population of myogenic precursors in the dermomyotome that
expresses both Pax3 and Pax7 gives rise to satellite cells in postnatal muscle (Gros
et al. 2005; Relaix et al. 2005).

Pax3 expression is essential for the survival of myogenic precursor cells during
embryogenesis (Gros et al. 2005; Relaix et al. 2005; Borycki et al. 1999), as Pax3-
null mice die during embryogenesis and lack most skeletal muscle. Pax3 expression
is downregulated in some muscles before birth, and satellite cells from different
skeletal muscles in the adult exhibit varying levels of Pax3 expression.

Control of Self-Renewal, Proliferation, and Differentiation
in Muscle Stem Cell

The Notch signaling pathway has been found to regulate developmental decisions
in various tissues, both during embryogenesis and postnatally. In muscle, Notch
signaling appears to regulate proliferation of muscle stem cells in response to
injury. Quiescent satellite cells express the Notch receptor, and fibers adjacent to
damaged muscle upregulate the Notch ligand, Delta. Furthermore, a temporally
regulated switch from Notch to Wnt signaling occurs during muscle regeneration
to signal differentiation of these precursors into myoblasts, as measured by expres-
sion of progressively more differentiated cell markers (Brack et al. 2008; Conboy
and Rando 2002; Conboy et al. 2003).
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Aging in Stem Cells

Somatic stem cells replenish many tissues throughout life. In general, they exhibit
slow turnover and reside in specialized niches, protected from the environment, so
that only a few are activated at a time. In these situations, the rest of the cells remain
“on reserve” to maintain and repair tissues for the life of an organism. Aging of an
organism is marked by the decline in overall tissue function and repair capacity and
an increase in multiple, age-related conditions and diseases. Given the role for stem
cells in maintaining tissue integrity and function throughout the lifetime of an
organism, they are in theory a defense against aging, replacing cells lost through
attrition. However, if the rejuvenating effect of stem cells were unaffected in aging,
it would seem that senescing or otherwise age-related dysfunctional cells might be
replaced indefinitely. In light of the prevalence of age-related disease, this appears
not to be the case. Does aging also affect stem cell function? In fact, even in highly
regenerative tissues such as the skin, the gut, and the hematopoietic system, an age-
related decline in stem cell function is well established.

Regarding the hematopoietic system, data from mice support an age-related
decline in stem cell function (Roobrouck et al. 2008; Warren and Rossi 2009;
Chambers et al. 2007). When limited numbers of aged hematopoietic progenitors are
transplanted into young recipients under competitive conditions, they show an overall
reduction in long-term repopulating potential; in addition, lymphopoiesis is deficient,
whereas myelopoiesis is enhanced, suggesting that older HSCs cope inadequately
with the daily demands of blood production (Rossi et al. 2007a). Paradoxically, how-
ever, the total number of primitive progenitors has been reported to increase with age
in mice. Recent studies investigating age-related molecular changes in HSC function
suggest that increased expression of particular proto-oncogenes, as well as marked
increases in inflammatory and stress responses and substantial alterations in the regu-
lation of chromatin structure, may contribute to the major age-related alterations in
HSC function and lymphopoiesis (Rossi et al. 2007b).

Similar to the aberrancies seen in the maintenance of the hematopoietic com-
partment, aged animals display a marked decrease in the regenerative capacity of
their skeletal muscles, coupled with an increase in muscle fibrosis and adipose tis-
sue deposition. These alterations in skeletal muscle function have been associated
with a decline in Notch signaling (Conboy and Rando 2002, 2005; Conboy et al.
2003, 2005; Miller and Emerson 2003) and an increase in Wnt signaling (Wagers
2008; Brack et al. 2007, 2008). Treating aged mice in vivo with an activator of
Notch signaling improved the muscle regeneration response following injury,
whereas injection of an inhibitor of Notch signaling into young mouse muscle
impaired regeneration. Furthermore, parabiosis experiments have shown that expo-
sure of old muscle to soluble factors present in young mice rejuvenates the response
to injury and improves muscle regeneration; while conversely, exposure to an old
systemic environment can impede myogenesis in young animals (Wagers 2008;
Brack et al. 2007, 2008). Together, these experiments suggest that the age of the
environment is a major determinant of muscle stem cell function.
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The precise effects of age on the regenerative capacity of adult stem cells, which
should replenish tissues throughout life, as well as the role of microenvironmental
factors in age-related stem cell dysfunction, are poorly understood. Age-related
defects in stem cells can limit proper tissue turnover and hence may contribute to
disease through a general loss of tissue regenerative capacities. However, while
aging of the stem cell pool is certainly likely to contribute to an age-related decline
in tissue function, multiple tissues use alternative means of maintaining tissue
homeostasis and/or can use these alternative tissue repair mechanisms as strategies
to counteract the loss of normal stem cell-mediated regeneration that can occur in
aging and in injury and disease.

Tissue Regeneration by Facultative Repair Cells

Maintenance in Some Tissues is Primarily Mediated
by Non—Stem Cells

As highlighted throughout this chapter, what usually comes to mind when one
refers to an adult stem cell is a relatively undifferentiated cell that functions in
maintaining, as well as rapidly replenishing, tissues through mechanisms of both
long-term self-renewal and differentiation into more specialized, mature cell types.
Such mechanisms of cell replacement are well documented for blood, skin, and
intestine, where dedicated adult stem cells play a role in both tissue homeostasis as
well as in regenerative tissue repair. However, there is mounting evidence that
other more slowly renewing organs may rely primarily on different strategies to
homeostatically maintain and renew themselves, in part through division of differen-
tiated cells. For example, it has been shown in mice that insulin-producing [3 cells of
the pancreas are replenished, at least most appreciably, by self-duplication of preex-
isting B3 cells, rather than through the differentiation of stem cells. B cell replication
occurs both in normal adult life and after pancreatectomy (Dor et al. 2004). Similarly,
regeneration of the liver after 2/3 partial hepatectomy (PHx) stimulates the division
of already differentiated, mature hepatocytes (Higgins 1931; Rabes 1977; Rabes
et al. 1976). However, if hepatocyte proliferation is inhibited, normal liver size and
histology can be restored by the recruitment of what have been described as “fac-
ultative stem cells” (Alison et al. 1996).

Facultative stem cells have been defined as differentiated cells that are normally
quiescent but respond to injury by proliferation to generate daughter cells that are
either identical to themselves or can differentiate into one or more mature cell types
(Rawlins and Hogan 2006). Thus, like more canonically defined stem cells, facultative
stem cells appear to both self-renew and differentiate. However, the major difference
between facultative stem cells and their dedicated adult stem cell counterparts is
that the former may include already differentiated cells that are only infrequently
recruited after injury to act like the latter.
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Unlike stem cells of the blood, skin, and intestine, which have been more
extensively characterized, there is some controversy surrounding the existence of
facultative stem cells. For example, considering the pancreas, an organ containing
a potential facultative stem cell, Bonner-Weir et al. proposed that after partial
pancreatectomy, facultative stem cells that reside in pancreatic ducts are activated
and subsequently generate new pancreatic lobes and islets (Bonner-Weir et al.
2004). Other studies (Dor et al. 2004) did not directly rule out the possible exis-
tence of a facultative pancreatic stem cell but argue that such a mechanism does
not likely contribute significantly to B cell numbers or might be recruited only
under unique, as of yet undefined conditions. The necessary experiments that
more convincingly point toward a pancreatic facultative stem cell have yet to be
conducted. Lineage-tracing analysis of ductal cells after pancreatectomy, which
would utilize a heritable marker to discriminate the progeny of a particular cell
of interest, would provide strong evidence as to whether a ductal facultative pan-
creatic stem cell exists or not.

The most extensively studied and highly debated facultative stem cell is that
implicated in liver regeneration. The existence of hepatic stem cells was first pro-
posed in the late 1950s by Leduc and Wilson (1958). In a study on liver regenera-
tion in mice with severe nutritional injury, these authors observed that
nonparenchymal cells of the distal cholangioles proliferate, and after nutritional
injury they differentiate into hepatocytes and possibly interlobular bile ducts as well
(Leduc and Wilson 1958). In summarizing their observations, Leduc and Wilson
describe the cells of the cholangioles as possible “reserve cells of a primitive type
capable of differentiating into either parenchymal or bile-duct cells.” While at the
time of their study the “terminology” of stem cell biology had not yet been estab-
lished, they conclude that “prolonged and severe injury to the liver may make direct
restoration by division of preexisting parenchymal cells impossible, and that, when
this occurs, the new parenchyma is derived from the indifferent cholangiole cells”
(Leduc and Wilson 1958). These concepts of “reserve” or “indifferent” cells
encompass what is now characterized as a facultative stem cell population.

As alluded to earlier, the normal increase in proliferation of differentiated
hepatocytes can be blocked after Partial hepatectomy (PHx), either experimen-
tally through administration of certain carcinogenic chemicals including
2-acetylaminofluorene (2-AFF), ethionine, and 3-methyl-4-dimethyl aminoben-
zene (Farber 1956), or under pathophysiological conditions if tissue injury is too
severe, as seen in humans with fulminant hepatitis (Gkretsi et al. 2007). In such
instances, where proliferation of mature hepatocytes is inhibited, a potential fac-
ultative stem cell compartment located within the smallest branches of the intra-
hepatic biliary tree may be activated (Alison et al. 1996). It has been suggested
that the actual cell that functions in these settings as a facultative stem cell is
derived from the biliary epithelium and is named the “oval cell” for its oval-
shaped nucleus, (Farber 1956). There is a marked proliferation of oval cells after
PHx and chemical inhibition of hepatocytes, beginning in the periportal areas of
the hepatic lobule. These proliferating cells take up [*H]-thymidine and have been
traced through retention of this label. Proliferating oval cells form irregular



80 K.Y. Tan et al.

duct-like structures that are loosely associated with mature, preexisting bile ducts.
Four to five days after their collective expansion, oval cells invade the adjacent
lobular parenchyma and become basophilic hepatocytes, ultimately differentiat-
ing into mature hepatocytes that are responsible for restoring liver size and histol-
ogy (Evarts et al. 1987, 1996; Sell 1994; Alison et al. 1993; Alison and Sarraf
1994, Sarraf et al. 1994).

Additional studies have expanded on this lineage from oval cell to hepatocyte
after 2-AAF/PHx conditions. Through expression of the bile duct markers CK-7,
CK-19, and OV-6, and the hepatocyte markers AFP and albumin in [*H]-thymidine
labeled oval cells over time, Evarts et al. suggested that oval cells are hepatocyte
precursors (Evarts et al. 1987). Furthermore, the temporal expression of liver-
enriched transcription factors in proliferating rat oval cells after activation by
2-AAF/PHx mirrors the expression pattern during liver development (Nagy et al.
1994). Other studies have shown that various stem cell genes, including c-kit, CD34,
flt3 receptor, and LIF, are activated during oval cell proliferation (Fujio et al. 1994,
Omori et al. 1996). These data provide circumstantial evidence that points toward
oval cells as potential facultative hepatic stem cells though functional analysis is
clearly essential in establishing their relevance to liver maintenance and repair.

In addition to proliferation and differentiation capabilities, an important criteria
for establishing oval cells as hepatic stem cells is an analysis of their ability to
restore liver mass after transplantation (Matsusaka et al. 2000; Braun and Sandgren
2000). In one study, Yasui et al. isolated oval cells from Long-Evans Cinnamon
(LEC) rats, characterized them, and transplanted these cells into LEC and Nagase
analbuminemic rats (NAR) where they observed that the transplanted cells trans-
formed into hepatocytes (Yasui et al. 1997). LEC rats carry a defect in the Wilson
disease gene (ATP7B gene) and eventually develop hepatitis and later both hepato-
cellular and cholangiocarcinomas; LEC rats have oval cells that histologically
resemble those in rats administered 2-AFF and other carcinogens. Yasui et al. iso-
lated oval cells in these rats by isopyknic centrifugation in a Percoll gradient and
then observed that these isolated cells express markers of both hepatocytes and
biliary duct epithelial cells but not albumin, which is expressed in hepatocytes.
They then infected the oval cells with a LacZ-transducing retrovirus and trans-
planted them into the liver of LEC rats, subsequently observing that when they
stained liver sections with X-gal 2 weeks later, hepatocyte-like cells but not biliary
duct cells were labeled. To evaluate the feasibility and efficiency of the transplanted
oval cells, Yasui et al. also transplanted oval cells into a double mutant NAR/LEC
rat, in which they similarly observed that oval cells transformed into hepatocytes
in vivo and stably expressed a liver-specific protein, albumin. Based on the number
of cells transplanted, it was concluded that oval cells produce half as much albumin
as the same number of normal hepatocytes.

As with other stem cells, the facultative hepatic oval cell is maintained by specific
regulatory microenvironmental niche components. However, there is controversy
over where the specific hepatic stem cell niche is. Careful studies in rats suggest
that oval cells are predominantly derived from the canal of Hering, which are terminal



Hematopoietic Stem Cells and Somatic Stem Cells 81

ductules that are located between biliary caniculi and interlobular biliary ducts
(Paku et al. 2001). However, others argue that any component of the biliary tree can
give rise to oval cells (Alison et al. 1996; Sirica et al. 1990; Golding et al. 1995).
Nagy et al. showed that chronic treatment with dexamethasone is able to inhibit
proliferation of oval cells after PHx and administration of 2-AFF, but dexamethasone
fails to inhibit the proliferation of larger interlobular bile ducts induced by ligation
of the common bile duct (Nagy et al. 1998). Since it was shown that there is pref-
erential uptake of BrdU by cells in the canal of Hering after administration of
2-AFF it might be expected that dexamethasone could selectively inhibit proliferation
of these cells. However, dexamethasone completely inhibited the 2-AFF-induced
proliferation of biliary cells regardless of their location (Nagy et al. 1998). Thus,
these data failed to support the notion that the terminal ductules are the sole source
of oval cells, and as such, the current debate over the facultative hepatic stem cell
niche continues.

Although the signaling pathways involved in oval cell emergence, expansion, and
differentiation still remain unclear, there is growing evidence suggesting that Wnt/[3-
catenin signaling plays a critical role in various aspects of hepatic biology including
liver development, growth, and regeneration, and diseases of the liver such as hepa-
tocellular carcinoma (HCC) (Monga et al. 2001; Micsenyi et al. 2004).

Since Wnt signaling has been implicated as an important potential regulator of
oval cell biology, B-catenin, the downstream effector of Wnt signaling, has also been
studied in oval cell activation and proliferation particularly with regard to embryonic
liver development and HCC. Using the standard 2-AFF/PHx model in rats and
modulation of the Wnt/ B-catenin pathway components during extensive oval cell
activation, studies have demonstrated that 3-catenin plays an important functional
role in oval cell activation. First, B-catenin expression colocalized with Thy-1, an
oval cell marker, at 5 and 10 days post-PHx when oval cells would be expected to
be activated and proliferating as a response to injury (Masson et al. 2006; Petersen
etal. 1998a, 1998b). Although not all of the Thy-1 positive cells expressed -catenin
and vice versa, only morphologically identified Thy-1 positive oval cells showed
cytoplasmic and nuclear expression of 3-catenin along with the presence of its acti-
vated or dephosphorylated form at both 5 and 10 days post-PHx. In addition to the
temporal expression of B-catenin during the oval cell response to PHx, activation of
[B-catenin coincided with ongoing oval cell proliferation at the same time points,
collectively suggesting a possible role for B-catenin in the stimulation of the oval cell
response (Apte et al. 2007). Although the exact mechanism by which Wnt/ -catenin
activates the oval cell response is unclear, after 2-AAF/PHXx there is downregulation
in the expression of Wif-1, thereby leading to Wnt-1-mediated activation of
B-catenin (Monga et al. 2001; Apte et al. 2007). Interestingly, the expression of
Wnt-1 was observed in the hepatocytes surrounding the oval cells but not in the oval
cells themselves, suggesting that paracrine signaling of Wnt-1 extrinsically induces
[B-catenin activation in oval cells (Monga et al. 2001; Apte et al. 2007).

Since first appreciating that hepatocytes are capable of regenerating the liver
after PHx, advances have been made in identifying the cells that are potentially
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important in liver repair and constitute a facultative hepatic stem cell population.
However, in order to further advance the field of liver biology toward a clinical
application, it will be important to establish conditions under which these cells can
be prospectively isolated and expanded in culture and to devise acceptable strate-
gies for their transplantation into patients. Elucidating the mechanisms that control
both hepatocyte regeneration as well as oval cell activation when hepatocytes are
damaged may collectively provide insight into possible future therapeutic
applications.

Concluding Remarks

For many years, researchers and clinicians have been seeking to understand the
body’s ability to repair and replace the cells and tissues of some organs. After years
of work pursuing the how and why of cell repair mechanisms, many scientists have
now focused their attention on adult stem cells. Current evidence strongly suggests
that stem cells are present in far more tissues and organs than once thought, and that
these cells can provide a primary source not only of continuous homeostatic replen-
ishment of adult cells, but also of induced cell replacement necessary for tissue
repair and regeneration after injury and in response to disease.

Intense efforts are now under way to harness the potential of stem cells and to
control their function in order to take advantage of their tissue regeneration capa-
bilities. The ultimate goal of these efforts is to devise new and more effective
treatments for a host of diseases and disabilities. For most tissues, that potential
still lies ahead, and although many questions remain, clear progress has been made
in somatic stem cell biology, and this work holds great and exciting therapeutic
promise.

Critical Unanswered Questions in Adult Somatic
Stem Cell Biology

* What are the developmental sources of adult stem cells in the body? Are
they “leftover” embryonic stem cells, or do they arise independently during
organogenesis?

* How many different kinds of adult stem cells exist, and in which tissues do they
exist? Accumulating evidence indicates that although they occur in small num-
bers, adult stem cells are present in many differentiated tissues, though their
formal existence in several tissues of clinical value remains elusive.

» Is it possible to manipulate adult stem cells to increase their ability to proliferate
in vitro while maintaining stem cell qualities, so that adult stem cells can be used
as a sufficient source of tissue for transplants and other therapeutic strategies?
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*  What are the intrinsic and extrinsic controls that keep stem cells from differentiating
or that direct them along a particular differentiation pathway to form one specialized
cell type rather than another?

e What are the factors responsible for stem cell responses to injury or damage that
enable rapid activation and appropriate contribution to tissue repair and
regeneration?

e Can the “stress” signals that command facultative stem cells to respond to tissue
damage and gain specific regenerative qualities be harnessed for therapeutic value?

Glossary

Stem Cell An unspecialized cell capable of generating more specialized cell types
with specialized functions. All stem cells have three general properties: they are
capable of dividing and renewing themselves for long periods; they are unspecialized;
and they can give rise to specialized cell types.

Embryonic Stem Cell An unspecialized cell that is derived from the inner cell
mass of the blastocyst contained within the embryo. These cells are pluripotent and
thus can develop into specialized cells that contribute to all of the mature tissues of
an organism.

Somatic Stem Cell An unspecialized cell found among differentiated cells in a
tissue or organ that can renew and differentiate to yield the major specialized cell
types of the tissue or organ. Adult stem cells are multipotent or unipotent, and the
primary role of adult stem cells is to maintain and repair the tissue in which they
are found. The term “somatic stem cell” is often used interchangeably with adult
stem cell.

Germ Line Cell Germ cells are responsible for the production of sex cells or gam-
etes (ovum and spermatozoa) constituting a cell line through which genes are passed
from generation to generation.

Somatic Cell Any cell (other than a germ cell) that contributes to the formation of
the body, becoming differentiated into the various tissues and organs that comprise
the mature organism.

Adult Stem Cell See Somatic Stem Cell.

Unipotent Stem Cell An unspecialized cell capable of developing into only one
type of cell within a given tissue or organ.

Multipotent Stem Cell An unspecialized cell capable of developing into multiple
specialized cells of a given tissue or organ. For example, multipotent blood stem
cells give rise to the red cells, white cells, and platelets in the blood.

Pluripotent Stem Cell An unspecialized cell that is capable of developing into all
of the differentiated cells of an organism.
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Facultative Stem Cell An unspecialized cell that is capable of contributing to tissue
repair and regeneration when normal tissue repair cells and mechanisms are
blocked, often due to injury or disease.

Hematopoietic Stem Cell An unspecialized cell that can differentiate into all of
the specialized cells of the blood including red blood cells, white blood cells, and
platelets.

Progenitor Cell A cell in a transition state from an unspecialized cell to a fully
differentiated mature cell with a specialized function; therefore, it is a more special-
ized cell than the stem cell that generated it but a less specialized cell than the cell
that is the direct ancestor of it in a hierarchical cell lineage.

Stem Cell Niche The microenvironment in which stem cells are found, which
interacts with stem cells to regulate stem cell function and fate. Several factors are
important to regulate stem cell characteristics within the niche: cell-cell interac-
tions, interactions between stem cells and adhesion molecules, extracellular matrix
components, and soluble factors.
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Developmental Biology of Mammalian T-Cell
Progenitors: From Early Lymphoid Progenitors
to Thymus-Colonizing Cells

Sophie Ezine, Laetitia Gautreau, Aude Parcelier, and Bruno Canque

Abstract This review gives a general overview of the recent advances in the field
of fetal hematopoiesis and T-cell development. Although it is now well recognized
that early lymphoid progenitors first emerge in the fetal liver (FL) where active B
lymphopoiesis take places, the identity of early T-cell precursors, as well as the
mechanisms of thymus colonization, has long been controversial. Here we discuss
the experimental evidence supporting the concept of prothymocyte in both human
and mouse species, as well as its major implications regarding lineage relationships
among the immune system and general hematopoietic organization.

Introduction

Blood is a complex liquid tissue that develops early during embryonic development
and undergoes permanent renewal throughout life. It is composed of three major
cell lineages: erythrocytes, which ensure oxygen transport and tissue delivery,
platelets, which prevent bleeding as well as inappropriate activation of blood
coagulation, and leukocytes, which are in charge of the immune defense. At first
sight, it may seem paradoxical that such highly divergent functions (i.e., oxygen
delivery, blood coagulation, and immune defense) are condensed in a unique sys-
tem. But all blood cells share the need to circulate to fulfill their function at the
organism level. They originate from a minute population of rare hematopoietic
stem cell (HSCs) characterized by three major functional properties: multipotency,
the capacity to generate all blood lineages and stably reconstitute multilineage
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hematopoiesis upon adoptive transfer; quiescence, the capacity to remain in a dormant
state during long periods of time; and self-renewal, the capacity to undergo
symmetric mitotic divisions preserving multipotency. The immune system itself
displays an unusually high degree of complexity, comprising two major effector
arms dedicated to either innate or adaptive immune responses, as well as a constel-
lation of mature cell effectors. Macrophages, dendritic cells, granulocytes, and mast
cells are endowed with phagocytic activity, antigen processing, and presentation, as
well as with pro-inflammatory and/or regulatory functions. Natural killer (NK)
cells ensure non—major histocompatibility complex—restricted, cell-mediated cyto-
toxicity and cytokine-producing effector functions. In contrast, the capacity to support
antigen-specific immune response is restricted to prototypic T lymphocytes (TLs)
and B lymphocytes (BLs), which are among the most highly evolved cell types of
the organism. For example, they share with neurons the expression of a broad
repertoire of clonotypic receptors generated by combinatorial diversity, as well as
a unique capacity to retain stable traces of previous immunologic events through
the production of long-lived memory B and T cells. Despite more than 50 years of
research in the field, the organization of the immune system (i.e., the developmental
and phyletic relationships between diverse leukocyte populations) is still a matter
of controversy (Katsura 2002; Laiosa et al. 2006). Until recently, it was widely
admitted that HSCs first differentiate into two unique founder populations dedi-
cated to either granulomonocytic and erythromegacaryocytic lineages or to the
lymphoid lineage. The first population was subsequently referred to as common
myeloid progenitors (CMPs) and the second, from which only TLs, BLs, and NK
cells differentiate, as common lymphoid precursors (CLPs). This view was
supported also by most in vitro differentiation assays developed throughout the
1970s that only allowed the generation of erythroid and granulomonocytic colonies
that did not contain lymphoid cells (Dexter and Testa 1976). The field of in vitro
lymphoid differentiation began to change in the early 1980s, when it was first
shown by Whitlock and Witte that mouse BLs can be efficiently generated by
culturing mouse bone marrow (BM) progenitors onto stromal feeder layers (Collins
and Dorshkind 1987; Whitlock et al. 1987; Whitlock and Witte 1982). At the same
time, Kingston et al. provided evidence that alymphoid embryonic thymus lobes
support complete T-cell development, providing thus an ex vivo model to study
T-cell development (Kingston et al. 1985). Both the fetal thymic organ cultures
(FTOCs) and B-cell differentiation assays were then successfully subsequently
adapted to humans (Berardi et al. 1997; Galy et al. 1995; Plum et al. 1994). This
period coincides with the characterization and large-scale production of major
hematopoietic growth factors and cytokines. The latest advance in the field of
in vitro TLs differentiation is the demonstration by Schmitt Nakano et al. that, after
stable transduction with Notch-ligand Delta-Like 1, OP9 stromal cells, established
from macrophage colony-stimulating factor (M-CSF) deficient mice (Nakano et al.
1994), support the differentiation hematopoietic progenitors into mature functional
TLs (La Motte-Mohs et al. 2004; Schmitt and Zuniga-Pflucker 2002). The rapid
generalization of in vitro lymphoid differentiation assays, which permits investigators
to characterize extremely rare HSC subsets and probe their differentiation potential
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at the single cell level, has profoundly modified the vision of hematopoietic
development and lineage relationships, since there is now evidence that the classical
structure of the hematopoietic system, based on the early dichotomy between
so-called myeloid and lymphoid lineages, needs to be reconsidered.

A cellular basis for the CMP versus CLP paradigm was first provided in the late
1990s with the identification in postnatal BM of discrete populations of hematopoietic
progenitors with apparently exclusive lymphoid- or myeloid-restricted potentials
(Galy et al. 1995; Kondo et al. 1997; Manz et al. 2002). But this conception of
hematopoietic organization suffers what might be called an “immunological sin”
because of the split of the immune system into two distinct lymphoid and myeloid
lineages, making granulomonocytes more closely related to erythromegakaryocytes
than to TLs and BLs with which they continuously interact to initiate and coordi-
nate the immune response. In more recent years, the picture proved to be more
complex than anticipated. Subsequent works on early mouse lymphoid progenitors
led to the finding that mouse Lin~Sca-1"°Kit*IL-7R* CLPs and their human
CD34*CDI10'Lin~ counterparts actually display a predominant BL differentiation
potential, suggesting that they correspond to early B precursors rather than to
prototypic CLPs (Allman et al. 2003; Haddad et al. 2004). Studies on early fetal
lymphoid progenitors failed to identify fetal liver (FL) or BM populations fitting
the criterion for CLPs. Instead, they could show that early lymphoid progenitors
(ELPs) always retain some capacity to differentiate into macrophages (Kawamoto
et al. 1997; Lacaud et al. 1998; Mebius et al. 2001; Yokota et al. 2003). In line with
these observations, it is now well recognized that early thymic progenitors (ETPs)
still preserve the capacity to generate macrophages in vivo under homeostatic con-
ditions (Bell and Bhandoola 2008; Wada et al. 2008). The recent subcategorization
of postnatal mouse BM HSCs, based on FIt3 expression, supports an alternative
model of phyletic and developmental relationships among the hematopoietic system.
Adolfsson et al. showed that, based on Flt3 expression, the Lin~Sca-1*Kit* (LSK)
compartment segregates into two distinct populations endowed with strikingly dif-
ferent potentials (Adolfsson et al. 2001, 2005). Conversely, the FIt3~ LSK fraction
was found to be enriched in multipotent long-term repopulating stem cells, and
FlIt3* LSK progenitors yielded high numbers of lymphoid and granulomonocytic
cells but essentially lacked erythromegakaryocytic potential. These differences
were further documented at the molecular level, since expression of GATAI,
GATA?2 transcription factors, as well as erythropoietin (EpoR) and thrombopoietin
(mpl) receptors was restricted to FIt3~ LSKs, whereas their FIt3* counterparts harbor
RAGI1, RAG2, terminal deoxynucleotidyl transferase (Tdt), as well as immuno-
globulin-H (IgH) sterile transcripts (Mansson et al. 2007). Yoshida et al. obtained
overall similar results in a transgenic mouse model expression the green fluorescent
protein (GFP) under control of an Ikaros promoter-enhancer (Yoshida et al. 2006).
Luc et al. subsequently proposed a revised map of hematopoietic development
based on the initial separation between lymphoid-primed multipotent progenitors
(LMPPs) as dedicated to the generation of immune cells, and myeloid progenitors
supporting erythroid and megakaryocytic development (Luc et al. 2007). This alter-
native model of hematopoietic organization is further supported by the phenotypes
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observed in either conventional or conditional knockout mice with targeted
invalidation of key transcription factors. Indeed, conversely to PU.17~ mice that
selectively lack lymphoid and granulomonocytic cells, GATA1™~ mice display a
severe block in erythroid and megakaryocytic development (Pevny et al. 1991;
Scott et al. 1994, 1997; Shivdasani et al. 1997). Hematopoietic development should
thus no longer be considered as a series of branching points that determine succes-
sive binary choices, but as a dynamic equilibrium between a few master regulators
controlling the opening or closing of diverse lineage-affiliated loci. Most impor-
tantly, most current evidence suggests that developmental hematopoiesis actually
obeys Darwinian law, since it proceeds gradually through selection and progressive
stabilization of lineage-specific gene expression programs. Inasmuch as the devel-
opmental biology of HSCs has been discussed elsewhere (Cumano and Godin
2007; Dzierzak and Speck 2008; Orkin and Zon 2008; Zon 2008), this review
focuses on three major aspects of developmental lymphopoiesis: (1) the emergence
of lymphoid differentiation potential during early embryonic and fetal development;
(2) the dynamics of lymphoid progenitors in FL. and BM; and (3) the developmental
regulation of thymus-colonizing cells.

Emergence of Lymphoid Differentiation Potential During Early
Embryonic Development

In vertebrate embryos, the first wave of extra-embryonic hematopoiesis begins
immediately after gastrulation in the yolk sac (YS) and is referred to as primitive
hematopoiesis. It is characterized by a limited lineage diversification and results in
the production of primitive erythrocytes and platelets-forming megakaryocytes
(Tober et al. 2007). Hence, primitive YS hematopoietic precursor cells (HPCs) are
considered bilineage precursors since they completely lack lymphoid potential.
Although this issue has long remained controversial, most current evidence indi-
cates that primitive erythrocytes and endothelial cells share a common mesodermal
blood-forming precursor, the so-called hemangioblast (Sabin 1920). In mice, this
population emerges in the posterior region of primitive streak by E6.7—8 and rapidly
migrates toward the YS to form hemangioblastic chords that evolve into blood
islands; prototypic blood islands are made of nucleated erythroblasts surrounded by
a crown of endothelial cells (Choi et al. 1998; Haar and Ackerman 1971; Huber
et al. 2004; Moore and Metcalf 1970). Whether primitive erythroblasts and
endothelial cells derive from progenitors restricted to each differentiation pathway
or differentiate from intermediate hemogenic endothelial cells is still unclear.
Besides hemangioblasts, there is nonetheless substantial evidence that unilineage
angioblastic precursors lacking hematopoietic potential are also present in the early
YS, which indicates that at least a fraction of endothelial cells actually differentiate
from already lineage-restricted precursors (Furuta et al. 2006). Primitive YS
progenitors differ from prototypic HSCs in two major aspects: first, they are unable
to engraft into an irradiated host, which suggests either a lack of self-renewal or an
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inability to seed the BM niches due to absence of specific homing receptors or
defective interaction with the microenvironment; second, as mentioned above, they
are totally devoid of lymphoid differentiation potential (Dzierzak and Speck 2008).
Early YS nonetheless contains a population of immune cells referred to as primitive
macrophages whose origin remains unclear; this population is often considered an
entirely separate hematopoietic lineage (Herbomel et al. 1999).

The second wave of hematopoiesis, sometimes referred to as “pro-definitive” or
“mesodefinitive” hematopoiesis (Dzierzak and Speck 2008), takes place by day
8.25 of development. At that time, clonogenic HPCs display high proliferative
capacity and broader differentiation potential. Most importantly, they have the ability
to generate all immune cell types: lymphocytes, granulocytes, macrophages, as
well as mast cells (Palis et al. 1999). This population does not differentiate from
hemangioblasts; instead it derives from transiently hemogenic endothelial cells.
Whether YS progenitors participate in definitive hematopoiesis remains a contro-
versial issue. Because their emergence by E8.5 coincides with the onset of intraem-
bryonic hematopoiesis in the aortogonadomesonephros (AGM) region, as well as
with heartbeat initiation and establishment of blood circulation that rapidly distributes
HSCs throughout the conceptus, this question cannot be easily addressed (Cumano
etal. 2001; de Bruijn et al. 2000, 2002). For the past 10 years, it was widely admit-
ted that only intraembryonic, AGM-derived HSCs had the capacity to support
multilineage definitive hematopoiesis. But two recent reports based on elegant
genetic mouse models suggest that this might not be the case since definitive HSCs
could also emerge in the YS. Using SLC8A1/NCX1~~ mice that die by E11 due to
the lack of cardiac beat, Lux et al. provided convincing evidence that definitive
HPCs undergo approximately tenfold expansion between 8.25 and 9.5 days postco-
itum and proposed that all definitive HSCs emerging before E10 are of YS origin
(Lux et al. 2008). But because neither lymphoid potential nor the engraftment
capacity of the second wave of YS progenitors was assessed, this study does not
allow us to decipher the presence of prototypic definitive HSCs at this level.
Samokhvalov et al. also provided some evidence that the YS might actually repre-
sent a reliable source of definitive HSCs (Samokhvalov et al. 2007). Based on
in vivo genetic pulse labeling of Runx1-expressing YS cells by E7.5 (i.e., 1 day
before the onset of intraembryonic AGM hematopoiesis), they showed that their
progeny can still be detected in the blood of 9- to 12-month-old mice. Although
these findings strongly suggest that second wave YS hematopoiesis is supported by
prototypic definitive HSCs, one cannot formally exclude a leakage of the pulse-
labeling system based on a tamoxifen-induced Cre/loxP recombination. Comparative
analysis of the engraftment capacity of YS- and AGM-derived HSCs also yielded
interesting results. Whereas both populations stably repopulate irradiated newborn
mice (Yoder et al. 1997), it appears that only AGM-derived cells can accomplish
this in adult mice (Cumano et al. 2001; Muller et al. 1994). Thus, even if the YS
still generates definitive HSCs, they probably differ from those derived from the
AGM. It is believed that these two populations correspond to successive hematopoietic
developmental stages (Dzierzak and Speck 2008). Most interestingly, it is suggested
that AGM-specific microenvironmental cues, such as Notch signaling and HoxB4
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expression, may play a major role in the differentiation and repopulation potentials
of definitive HSCs (Kumano et al. 2003; Kyba et al. 2002). The ventral aspect of
the aorta is only transiently hemogenic with intra-aortic hematopoietic clusters
being detected between days 10.5 and 12.5 of development (Cumano and Godin
2007). The transient nature of this process, due to the rapid exhaustion of vascular
endothelial cell hemogenic activity, remains poorly understood. Pouget et al. none-
theless provided strong data that, during early avian embryonic development,
hemogenic endothelial cells from the splanchnic mesoderm are progressively
replaced by a population of endothelial cells of somatic origin, lacking hemogenic
activity (Pouget et al. 20006).

The finding that embryonic hematopoiesis primarily consists essentially in the
production of definitive HSCs and does not resume the classical opposition between
extraembryonic primitive YS and intraembryonic definitive AGM hematopoiesis
has profoundly changed the conception of the developmental biology of the
hematopoietic system. As early as 1999, de Bruijn et al. showed that, by E10-12,
vitelline and umbilical arteries produce significant numbers of definitive HSCs (de
Bruijn et al. 2000), and it is now recognized that midgestation mouse placenta also
harbors large numbers of HSCs, a substantial fraction of which actually emerge
directly from the wall of large chorioallantoic vessels (Gekas et al. 2005; Ottersbach
and Dzierzak 2005; Rhodes et al. 2008). Altogether, these findings argue for a
multisite generation of definitive HSCs from transiently hemogenic endothelium of
the large vessels. Definitive mouse HSCs possess lymphoid differentiation, pot is
considered a marker of multipotency, but whether they display substantial preliver
lymphopoietic activity remains controversial. The detection of lymphoid-specified
T- and B-cell precursors in the AGM suggests that this might be the case (Ohmura
et al. 1999). But because T-cell differentiation potential was assessed in FTOCs,
and because of the absence of molecular characterization, one cannot exclude that
T cells actually differentiated stochastically from multipotent HSCs, rather than
from already lineage-restricted precursors. This point should probably be reinvesti-
gated using more powerful two-dimensional OP9-DL1 cultures and molecular tools
(Schmitt and Zuniga-Pflucker 2002). Conversely, most current evidence indicates
that disclosure of a preliver lymphoid potential in AGM-derived progenitors is by
no means indicative of active ongoing lymphopoietic activity. Lineage tracing stud-
ies using RAG1/GFP knockin mice add some support to this view, since only basal
transcription levels of the RAGI1 locus are detected in AGM progenitors (Yokota
et al. 2006).

Only limited data on embryonic human hematopoiesis are available, but most
current evidence indicates that the mouse schema cannot be mechanically trans-
posed to primates. Extraembryonic YS hematopoiesis starts in blood islands that
form by day 18.5 of development (i.e., approximately 4 days before heart beat
initiation), and it remains active until development weeks 4-5 (Bloom and
Bartelmez 1940; Migliaccio et al. 1986). Once again, the key point is that decline
in YS hematopoietic activity coincides with the onset of FL erythropoiesis.
Pioneering studies have shown that the human YS contains substantial numbers
of CFU-GEMM (colony-forming unit granulocyte, erythrocyte, macrophage,
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megakaryocyte), BFU-E (burst-forming unit erythrocyte), CFU-E (colony-forming
unit erythrocyte), as well as CFU-GM (colony-forming unit granulocyte mac-
rophages) (Huyhn et al. 1995; Migliaccio et al. 1986). Early YS progenitors none-
theless constantly lack T- and B-cell potential, which indicates that, as for their
mouse counterparts, they do not comprise prototypic definitive HSCs (Tavian et al.
2001). The restricted or constrained developmental potentials of YS mesodermal
hematopoietic intermediates is also exemplified by studies that show their capacity
to generate CD34* HPCs in explant cultures and is markedly lower than that of
para-aortic splanchnopleuric cells. In humans, intraembryonic aortic hematopoiesis
begins by day 19 of development, 3 days prior to establishment of blood circulation
and 1 week before apparition of intra-aortic hematopoietic clusters (Tavian et al. 1999,
2001). Explant cultures of subaortic mesoderm performed by Tavian et al. revealed
the presence at this level of yet uncharacterized prehemogenic mesodermal precur-
sors. Although this remains an open question, these observati